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Opinions,  interpretations,  conclusions  and  recommendations  are 
those  of  the  author  and  are  not  necessarily  ezidorsed  by  the  U.S. 
Army. 

_  Where  copyrighted  material  is  quoted,  permission  has  been 

obtained  to  use  such  material. 


_  Where  material  from  documents  designated  for  limited 

distribution  is  quoted,  permission  has  been  obtained  to  use  the 
material . 

Citations  of  commercial  organizations  and  trade  names  in 
this  report  do  not  constitute  an  official  Department  of  Army 
endorsement  or  approval  of  the  products  or  services  of  these 
organizations . 

In  conducting  research  using  animals,  the  investigator (s) 
adhered  to  the  "Guide  for  the  Care  *nd  use  of  LeUboratory 
Animals,"  prepared  by  the  Committee  on  Care  emd  use  of  Laboratory 
Animals  of  the  Institute  of  Laboratory  Resources,  national 
Research  Council  (NIB  Ptibllcation  No.  86-23,  Revised  1985). 


X  For  the  protection  of  human  subjects,  the  investigator (s) 
adhered  to  policies  of  applicable  Federal  Law  45  CFR  46. 

JM  In  conducting  research  utilizing  recombinant  DNA  technology, 
the  investigator (s)  adhered  to  current  guidelines  promulgated  by 
the  National  Institutes  of  Health. 

Jk  In  the  conduct  of  research  utilizing  recombinant  DNA,  the 
investigator (s)  adhered  to  the  NIB  Guidelines  for  Research 
Involving  Recombinant  DNA  Molecules. 


iliy 


n  In  the  conduct  of  research  involving  hazardous  organisms, 
the  investigator (s)  adhered  to  the  CDC-NIH  Guide  for  Biosafety  in 
Microbiological  and  Biomedical  Laboratories. 
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I.  Introduction 

Neurofibromatosis  type  1  is  a  common  autosomal  dominant  tumor-susceptibility 
disorder  (1).  The  causal  gene,  NFl,  encodes  the  protein  neurofibrominn  which  can  function  as 
a  tumor  suppressor  by  negatively  regulating  ras  and  thereby  disrupting  signal  transduction  and 
growth  control  (2, 3, 4).  Virtually  every  affected  individual  develops  benign  cutaneous 
neurofibromas,  while  the  development  of  other  tumors  such  as  malignant  myeloid  disorders 
are  a  less  common  complication  (5, 6). 

The  subject  of  this  research  project  is  to  investigate  the  genetic  mechanisms  and 
pathology  underlying  both  germline  and  somatic  microdeletions  involving  the  NFl  gene.  Our 
published  and  preliminary  data  indicated  that  NFl  patients  with  germline  microdeletions 
spanning  one  NFl  allele  may  be  predisposed  to  early  onset  of  cutaneous  neurofibromas.  The 
identification  and  mapping  of  NFl  microdeletions  will  determine  the  size  of  the  microdeletions 
and  address  their  putative  contribution  to  the  excessive  tumor  burden  of  these  patients.  We 
have  also  demonstrated  that  the  leukemic  cells  of  NFl  children  with  malignant  myeloid 
disorders  show  loss  of  heterozygosity  at  NFl  and  adjacent  loci.  Preliminary  data  suggested 
that  LOH  in  these  tumors  can  arise  by  a  novel  mechanism.  The  analyses  of  additional 
patients/tumors  will  address  the  molecular  nature  of  these  somatic  rearrangements  and  their 
contribution  to  malignancy. 

Hypotheses  to  be  tested: 

1 .  Deletion  of  a  critical  region  (gene)  contiguous  to  NFl  predisposes  individuals  to  an  early 
onset  and/or  large  numbers  of  cutaneous  neurofibromas, 

2.  A  novel  chromosomal  rearrangement  in  a  malignant  precursor  cell,  which  results  in 
somatic  interstitial  uniparental  disomy  (or  interstitial  isodisomy),  is  a  frequent  event  in 
leukemic  cells  of  NFl  patients  with  malignant  myeloid  disorders.  Such  rearrangements 
may  contribute  to  the  development  of  these  tumors  in  children  with  NFl , 

Background: 

In  1992  we  reported  the  first  NFl  patient  with  a  submicroscopic  deletion  spanning  the 
entire  NFl  gene  and  flanking  contiguous  genetic  material  (7).  This  patient  carried  a  de  novo 
deletion  estimated  at  7.4  cM  and  had  abnormal  fecial  features,  mental  retardation,  and  an 
excessive  number  of  cutaneous  neurofibromas.  The  identification  of  additional  microdeletion 
patient  (both  de  novo  and  familial)  by  us  (8, 9, 10)  (and  Appendix  B)  and  other  investigators 
(11, 12, 13, 14)  have  demonstrated  that  NFl  microdeletion  patients  have  a  consistent 
phenotype  of  abnormal  facial  features  and  early  onset  (<agel0  yr)  or  large  numbers  (>85 
centile)  of  cutenous  neurofibromas  for  their  age.  These  observations  on  selected  patients 
suggested  that  deletion  of  a  novel  gene  contiguous  to  NFl  predisposed  to  tumorigenesis. 

NFl  contiguous  gene  deletions  may  also  account  for  other  features  observed  in  some  of  our 
patients  including  Madelung  deformity,  skin  and  skeletal  features  consistent  with  a  connective 
tissue  disorder  and  neoplasms  at  a  young  age  (7, 8, 9, 10)  To  test  this  hypothesis,  patients 
need  to  be  screened  for  NFl  microdeletions  regardless  of  their  phenotype,  the  extent  of  the 
deletions  need  to  be  mapped,  and  phenotype/genotype  studies  performed.  To  facilitate 
screening  for  NFl  microdeletions  we  developed  a  PCR-based  NFl  gene  dosage  assay  (see 
manuscript  Appendix  B;  Technical  Objective  1). 
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Children  with  NFl  are  at  200-500  increased  risk  of  developing  malignant  myeloid 
disorders  (1, 6, 15).  Approximately  50%  of  primary  leukemic  cells  show  loss  of  constitutional 
heterozygosity  (LOH)  at  the  NFl  locus.  We  recently  discovered  a  patient  whose  LOH 
resulted  from  a  novel  somatic  rearrangement  -  interstitial  isodisomy  most  likely  resulting  from 
double  mitotic  recombination.  The  novelty  of  this  rearrangement  prompted  us  to  map  the 
LOH  regions  in  leukemic  cells  of  other  NFl  children  to  investigate  the  frequency,  mechanism, 
and  pathology  of  such  rearrangements. 

n.  Body 

Section  A.  Technical  Objective  1;  To  identify  additional  patients  with  large  2ennline 
NFl  deletions. 

Task  1 ;  Months  1-6:  develop  and  optimize  an  NFl  gene  dosage  PCR  assay  for  detecting 
deletions  at  the  5'  end  of  the  gene. 

Task  2:  Months  4-7:  assay  the  -105  DNA  samples  currently  in  the  lab  for  3'  NFl  deletions. 
Task  3:  Months  1-25:  obtain  pathological  tissue  samples  or  purified  DNA  from  NFl  clinic 
patients:  perform  the  5'  and  3'  NFl  gene  dosage  PCR  assays  for  all  samples;  calculate 
the  NFJ  gene  dosage  to  identify  deletion  patients. 

Task  4:  Months  20-25:  Determine  the  frequency  of  NFl  deletions.  Write  a  manuscript  on 
deletion  screening  protocol  and  frequency. 

Progress  during  year  1  on  Technical  Objective  1 

The  timeline  for  accomplishing  Objective  1  was  altered  for  two  important  reasons. 
First,  we  chose  to  focus  on  and  complete  Objective  3  (see  below)  because  samples  were 
available  earlier  than  expected  and  the  results  were  so  exciting.  Second,  we  chose  to  wait  for 
delivery  of  a  new  instrument  which  will  permit  development  of  an  automated  gene  dosage 
PCR  assay  for  the  5’  end  of  the  NFl  gene. 

To  date,  we  have  chosen  appropriate  primers  and  determined  amplification  conditions 
for  a  segment  of  NFl  exon  5,  which  will  be  utilized  for  the  assay  of  NFl  gene  dosage  at  the  5’ 
end  of  the  gene.  Initial  attempts  to  develop  an  assay  for  NFl  exon  1  failed.  We  were  unable 
to  identify  primers  for  specific  amplification  of  the  expressed  NFl  gene  on  chromosome 
1 7ql  1 .2,  rather  than  the  numerous  pseudogenes  located  on  other  autosomes.  Primers  and 
multiplex  amplification  conditions  were  also  determined  for  the  disomic  control  gene,  APP. 

We  are  just  beginning  to  focus  on  the  collection  of  patient  tissues  or  purified  DNAs  from  our 
clinical  collaborators;  samples  for  20  individuals  have  been  collected  to  date. 

NOTE:  The  new  strategy  described  in  the  foiiowing  paragraph  is 
proprietary  information  and  not  for  pubiication  or  distribution. 

In  the  next  2  months,  we  will  assess  the  use  of  the  Applied  Biosystems  Inc.  7700  Tac- 
Man  instrument  for  use  as  a  automated  NFl  gene  dosage  assay.  This  instrument  measures 
real  time  quantitative  PCR  from  96  samples  simultaneously.  We  will  assess  a  new 
methodology  using  a  fluorescent  dye  called  SyberGreen  which  quantitatively  binds  to  the 
minor  groove  of  the  double  stranded  DNA  product.  This  method  should  permit  us  to  utilize 
the  primers  and  conditions  we  have  already  established  for  the  5’  and  3’  NFl  gene  dosage 
assays  (exons  5  and  32,  respectively).  This  methodology  will  be  validated  using  the  same  NFl 
disomic  and  monosomic  samples  that  were  evaluated  in  our  manual  gene  dosage  assay  (see 
manuscript  in  Appendix  B).  If  the  automated  assay  is  as  sensitive  and  specific  as  the  manual 
one,  we  will  develop  automated  assays  for  NFl  exon  5  also. 

END  of  proprietary  information. 
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Section  B.  Technical  Objective  2:  Identify  a  critical  deletion  re2ion  associated  with 
eariv  onset  of  neurofibromas. 

Task  1.  Months  1-12:  Map  the  location  of  additional  loci  to  the  NFl  region  by  somatic  cell 
hybrid  analysis;  identify  any  physical  intervals  that  lack  markers. 

Task  2:  Month  13-14:  Write  a  manuscript  describing  the  physical  map  of  the  NFl  region; 
assess  the  need  for  identification  and  mapping  of  new  marker  loci  to  certain  physical 
intervals.  If  necessary,  obtain  YACs,  PACs,  cosmids  of  the  intervals. 

Task  3:  Months  14-20:  Perform  FISH  to  confirm  that  the  large  physical  clones  map  to  the 
interval  of  interest.  Make  a  plasmid  library,  screen  for  single  copy  clones,  sequence, 
and  design  primers  to  map  new  markers  on  somatic  cell  hybrid  panels  to  the  critical 
interval. 

Task  4:  Months  1-30:  construct  hybrid  cell  lines  from  lymphoblasts  of  newly  identified 
deletion  patients;  delineate  the  extent  of  the  deletions  by  genotyping  of  regional 
markers  on  hybrid  lines. 

Task  5:  Months  20-36:  determine  if  there  is  a  correlation  between  deletion  extent  and  age  of 
onset  of  neurofibromas;  write  a  manuscript  of  study  results;  assess  whether  an  NFl 
gene  dosage  PCR  assay  or  FISH  assay  to  detect  deletion  of  the  critical  region  has 
sufficient  predictive  value  to  warrant  development  of  a  diagnostic  test. 

NOTE:  The  following  data  regarding  progress  on  Technical 

Objective  2  Is  proprietary  information  and  not  for  publication 
or  distribution. 

Progress  during  year  1  on  Technical  Objective  2: 

We  have  made  significant  progress  on  Objective  2,  a  manuscript  that  describes 
mapping  of  the  serotonin  transporter  and  carboxypeptidase  D  genes  in  the  NFl  region  is  in 
Appendix  D. 

Using  a  mapping  panel  of  somatic  cell  hybrid  lines  from  18  probands  with  NFl 
microdeletions,  we  have  mapped  >50  new  loci  to  the  NFl  region  for  a  total  of  >85  loci 
(Figures  1-4).  Remarkably,  we  found  that  both  the  centromeric  breakpoints  and  the  telomeric 
breakpoints  were  clustered  in  common  marker  intervals  (Figures  1 A  and  1  B,  following 
pages).  For  15  of  the  18  probands,  the  centromeric  breakpoints  were  between  markers  in 
intervals  5  and  6,  which  was  defined  as  the  centromeric  breakpoint  cluster  region  (cenBCR). 
For  14  of  the  18  probands,  the  telomeric  breakpoints  mapped  between  markers  SH3GLP1  and 
D 1 7S 1 880,  which  was  defined  as  the  telBCR.  Somatic  cell  hybrid  lines  were  constructed 
during  year  1  for  4  of  these  18  patients. 

Among  the  ~85  loci  mapped  to  date,  40  are  known  genes  or  espressed  sequence  tag 
sites  (ESTs)  in  the  NFl  microdeletion  region  (Figures  1-4).  In  collaboration  with  Dr. 

Anthony  Harmar’s  laboratory,  we  have  mapped  the  serotonin  transporter  (SLC6A4)  and  the 
carboxypeptidase  D  (CPDl)  genes  to  the  to  marker  region  5,  which  is  just  centromeric  to  the 
cenBCR.  These  2  genes  are  deleted  in  patient  UWA106-3#36  who  carries  the  largest 
microdeletion  identified  to  date  (Figures  1,2  and  Shen  et  al.  manuscript  in  Appendix  D). 
Because  these  genes  are  not  deleted  in  other  patients,  it  is  considered  unlikely  that  they  make 
a  major  contribution  to  the  NFl  microdeletion  tumor  phenotype.  As  described  in  Shen  et  al., 
we  have  identified  a  marker  within  15  kb  of  the  centromeric  breakpoint  of  patient  UWA106-3. 
Efforts  to  clone  this  breakpoint  are  in  progress  and  should  provide  important  information 
about  the  mechanism(s)  of  germline  NFl  microdeletions. 
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Proprietary  information  continued: 

The  clustering  of  breakpoints  at  the  cenBCR  and  telBCR  suggest  that  these  regions 
carry  recombination  prone  sequences.  To  identify  such  sequences.  Dr.  Michael  Dorschner  (a 
postdoctoral  fellow)  has  focused  initially  on  cloning  the  telBCR.  As  depicted  in  Figure  3,  we 
have  constructed  a  contig  of  BAC  clones  across  the  telBCR  by  screen  a  human  BAC  library 
with  markers  we  had  previously  mapped  to  this  region.  We  will  map  and  sequence  the 
telomeric  breakpoint  in  patient  IJWA69-3.  This  sequence  information  will  then  be  utilized  to 
first,  determine  how  close  all  the  breakpoints  are  that  map  to  the  telBCR,  and  second,  to 
‘jump  over’  or  cross  the  novel  joint  of  the  deletion  in  patient  69-3  and  thereby  obtain 
sequence  information  for  the  cenBCR. 

We  are  also  mapping  the  telomeric  breakpoint  of  patient  186-1  because  early  studies 
suggested  it  disrupted  the  gene  KIAA0160.  This  was  confirmed  and  Dr.  Dorschner  is  now 
within  7  .5  kb  of  mapping  this  breakpoint  of  patient  186-1,  which  does  not  map  'within  the 
telBCR  (Figure  1  &  4).  Cloning  of  this  breaJcpoint  will  provide  an  alternative  method  for 
‘jumping’  across  the  novel  DNA  sequences  to  the  cenBCR  in  case  unexpected  difficulties 
arise  in  our  initial  strategy  of  crossing  fi-om  the  telBCR  in  patient  69-3  as  described  above.  In 
addition,  patient  186-1  is  a  somatic  mosaic  for  the  NFl  microdeletion;  cloning  of  this 
breakpoint  will  permit  accurate  determination  of  the  levels  of  mosaicism  that  resulted  in  her 
extraordinarily  severe  tumor  burden  and  facilitate  a  comparison  of  somatic  versus  germline 
NFl  microdeletion  breakpoints. 

Legend  of  Figure  1.  Physical  map  of  the  NFl  region  defined  by  analysis  of  NFl 
microdeletions.  The  top  line  is  a  non-scaled  schematic  of  loci  in  the  chromosome  17  NFl 
region;  the  relative  positions  of  markers  in  bracketed  intervals  are  unkno'wn.  Estimates  of 
physical  distances  include  the  YAC  contig  at  700  kb  and  the  location  of  UT172,  estimated  at 
about  1.5  Mb  centromeric  to  NFl (6, 16).  A  schematic  of  the  deleted  chromosome  17 
homolog  is  shown  for  each  proband.  Thin  lines  are  deleted  regions,  thick  lines  are  not 
deleted,  and  vertical  marks  indicate  the  loci  assayed  by  PCR  amplification  of  somatic  hybrid 
cell  lines  carrying  the  single  deleted  chromosome  1 7  homolog.  Data  showing  the  presence  of 
all  loci  in  the  hybrid  lines  carrying  the  undeleted  chromosome  1 7  for  each  patient  are  not 
shown.  NFl  exon  32  was  assayed  by  the  gene  dosage  assay.  PI -9,  a  65  kb  probe  spanning 
NFl  exons  2-11  assayed  by  FISH  was  deleted  (data  not  shown). 

Legend  of  Figure  2.  Detailed  physical  map  of  the  NFl  microdeleted  region.  This  is  a  larger 
and  more  legible  version  of  the  map  described  and  depicted  in  Figure  1. 

Legend  of  Figure  3.  Physical  contig  map  of  the  NFl  microdeletion  region.  The  upper  line 
represents  a  map  of  the  NFl  region  showing  a  few  anchor  loci  and  the  cenBCR  and  telBCR; 
numbered  segments  in  the  center  are  BAC  clones  that  we  have  mapped  to  date;  the  lower  line 
depicts  genes  and  ESTs  mapped  to  the  region. 

Legend  of  Figure  4.  Mapping  of  the  telomeric  deletion  breakpoint  of  patient  186-1  (deleted 
hybrid#  13).  The  telomeric  breakpoint  of  this  patient  does  not  map  to  the  common  telBCR. 
ESTs  and  BACs  were  mapped  to  the  region,  additional  markers  developed,  and  we  are  now 
within  7. 5  kb  of  this  telomeric  breakpoint. 

Note:  End  of  proprietary  information. 
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Section  C;  Technical  Objective  3;  To  determine  if  somatic  uniparental  disomy  (UPD) 
of  the  NFI  region  is  a  frequent  event  in  leukemic  tumor  tissue  and  to  investigate 
somatic  mechanisms  of  uniparental  disomv. 

Task  1 :  Months  1-12:  obtain  additional  tumor  samples  and  determine  their  NFI  gene  dosage 
by  the  gene  dosage  PCR  assay;  confirm  by  NFI  FISH  that  tumors  predicted  to 
undergo  LOH  by  UPD  have  two  NFI  alleles,  while  those  predicted  to  result  from 
LOH  by  deletion  have  one  NFI  allele,  determine  the  frequency  of  UPD-LOH. 

Task  2:  Months  10-25:  Map  the  extent  of  each  uniparental  disomy  region;  assay  normal 
tissue  for  mosaicism  for  the  UPD  of  the  NFI  region;  write  a  manuscript  addressing 
mechanisms  of  UPD-LOH 

Progress  during  year  1  on  Technical  Objective  3: 

Technical  Objective  3,  Tasks  1  and  2,  have  been  achieved  and  a  nearly  completed 
manuscript  draft,  which  will  be  submitted  in  the  next  month  as  an  original  article  to  the  journal 
Nature  Genetics  is  in  Appendix  C  of  this  report.  Because  the  results  of  this  study  were  so 
remarkable  and  novel,  we  decided  to  focus  on  this  aim  earlier  during  the  study  period  than 
was  anticipated  in  the  original  Statement  of  Work. 

A  brief  summary  of  the  results  detailed  in  the  attached  manuscript  "Tumor  suppressor 
inactivation  by  double  mitotic  recombination  at  clustered  breakpoints"  follow. 

The  patterns  of  LOH  at  chromosome  17  loci  were  analyzed  to  gain  insight  into  the 
mechanisms  leading  to  allelic  loss  o^NFI  in  primary  leukemia  cells  of  NFI  children.  Analysis 
of  bone  marrows  from  1 1  unselected  cases  showed  that  LOH  occurred  by  two  distinct 
mechanisms,  each  of  which  resulted  in  loss  of  the  normal  NFI  allele.  Three  tumors  (30%)  had 
interstitial  microdeletions  between  D17S1294  and  D17S250,  an  estimated  distance  of  22  cM 
or  17  Mb  that  spanned  the  normal  NFI  gene  at  chromosome  17ql  1.2.  The  remaining  8  cases 
(70%)  resulted  from  isodisomy  for  a  50  Mb  chromosomal  segment  harboring  a  defective  NFI 
allele.  In  at  least  4  of  these  cases,  the  isodisomic  segment  was  interstitial  to  the  chromosome 
17q  arm  and  estimated  to  be  55  Mb  in  length. 

Although  somatic  isodisomy  of  varying  extent  commonly  leads  to  LOH  in  tumors,  we 
believe  this  is  the  first  report  of  interstitial  isodisomy.  We  propose  that  interstitial  isodisomy 
arose  by  a  double  mitotic  recombination  event  between  non-sister  chromatids  during  the  S/G2 
phase  of  the  cell  cycle  of  an  ancestral  cell.  Remarkably,  the  isodisomic  breakpoints  in  all  8 
cases  examined  were  in  a  2.7  cM  centromeric  interval  between  D17S959  and  D1294,  an 
estimated  physical  length  of  5.3  Mb.  The  telomeric  breakpoints  in  4  cases  mapped  to  a  9.6 
cM  interv^  flanked  by  D17S1822/D17S1830  and  D17S928,  an  estimated  physical  length  of 
7.2  Mb.  The  clustering  of  the  both  LOH  breakpoints  suggests  the  existence  of  recombination- 
prone  sequences  in  these  regions  of  chromosome  17.  While  functional  inactivation  of 
neurofibromin  is  apparently  sufficient  for  the  myeloproliferative  phenotype,  these  data  suggest 
a  putative  role  of  modifying  gene(s)  on  chromosome  1 7  that  may  contribute  to  the 
development  of  acute  leukemia. 

We  have  also  mapped  the  LOH  region  in  different  tissues  from  a  child  with  juvenile 
monomyelocytic  leukemia,  who  later  developed  a  T  cell  lymphoma.  We  have  demonstrated 
that  the  mechanism  of  LOH  was  by  an  interstitial  deletion  and  that  the  LOH  regions  were 
identical  in  length  in  the  B  cells,  lymph  node,  and  sorted  cells  from  the  node  (data  not  shown). 
This  demonstrates  that  both  tumors  arose  from  a  single  hematopoietic  malignant  clone.  This 
study  was  performed  in  collaboration  with  Drs.  Laurence  Cooper  and  Eric  Sievers  at  the  Fred 
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Hutch  Cancer  Research  Center  (Seattle)  and  Dr.  Kevin  Shannon  (UCSF).  A  manuscript  is  in 
the  early  stages  of  preparation. 

HI.  Conclusions 

We  have  determined  that  both  germline  and  somatic  rearrangements  involving  the 
NFl  gene  are  common  in  specific  subsets  of  NFl  patients.  Among  NFl  patients  with  the 
selected  phenotype  of  facial  dysmorphism  and  early  onset  of  cutaneous  neurofibromas, 
germline  microdeletions  of  1-2  Mb  in  size  spanning  one  entire  NFl  allele  are  a  predominant 
mechanism  of  rearrangement.  Although  not  yet  understood,  the  clustering  of  both  the 
centromeric  and  telomeric  microdeletion  breakpoints  to  small  marker  intervals  suggests  that 
recombination-prone  sequences  flank  the  NFl  gene.  These  breakpoint  cluster  sequences  may 
be  low  copy  number  repeats  that  predispose  to  recombination  or  they  may  affect  expression 
of  nearby  novel  gene(s)  in  a  manner  that  modifies  the  NFl  phenotype  by  reducing  the  age  of 
onset  and  increasing  the  severity  of  cutaneous  neurofibromas.  Cloning  of  NFl  centromeric 
and  telomeric  breakpoint  cluster  regions  and  screening  unselected  NFl  patients  for  deletions 
will  help  us  understand  the  mechanisms  and  biological  relevance  to  the  NFl  phenotype  of 
such  germline  rearrangements. 

We  determined  that  interstitial  isodisomy  for  a  large  50  Mb  region  of  chromosome 
17q  is  a  predominant  and  novel  mechanism  of  LOH  in  primary  leukemic  cells  of  NFl 
children  with  malignant  myeloid  disorders.  Unexpectedly,  we  again  demonstrated  that  both 
the  centromeric  and  telomeric  recombination  breakpoints  map  to  common  breakpoint 
intervals.  Albeit  the  breakpoint  intervals  are  significantly  different  from  those  of  the 
germline  microdeletions.  These  data  suggest  that  sequences  which  are  recombination-prone 
in  a  hematopoietic  progenitor  clone  are  located  at  these  sites  or  the  recombination  events 
select  for  growth  of  the  progenitor  clone.  Interestingly,  we  identified  two  patients  with 
somatic  microdeletions  in  leukemic  cells  that  mapped  to  the  same  intervals  as  the  germline 
microdeletions  in  the  patients  described  above.  Together  these  data  suggest  that  chromosome 
17  carries  sequences  that  are  recombinogenic  in  both  germline  and  somatic  tissues  and  that 
are  significant  and  novel  mechanisms  of  NFl  gene  inactivation. 
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Double  mitotic  recombination  at  common  breakpoint  intervals  leading  to  interstitial  isodisomy  and  LOH.  K. 
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Leukemic  cells  of  children  with  neurofibromatosis  1  (NFl)  who  de\  eIop  malignant  myeloid  disorders  commonly  show 
loss  of  constitutional  hctcroz}’gosit\'  (LOH)  of  the  nomial  NFl  allele  at  17ql  1.2  and  CNtogenetically  normal 
cliromosomes  17.  Mapping  the  LOH  region  revealed  that  the  predominant  mechanism  is  interstitial  isodisomy.  FISH 
and  quantitative  PCR  anah  ses  of  1 1  cases,  whose  bone  marrows  had  LOH  at  the  NFl  locus,  showed  that  in  8  cases 
the  leukemic  cells  were  disomic  for  NF 1 ,  while  the  remaining  3  cases  were  monosomic.  In  each  of  the  8  NF 1  disomic 
cases,  a  large  interstitial  17q  segment  had  undergone  LOH  with  the  breakpoints  mapping  to  common  intervals.  The 
proximal  LOH  breakpoints  mapped  centromeric  to  NFl  between  D17S 1878  and  D17S975,  while  the  distal  LOH 
breakpoints  were  subtelomeric  and  bounded  by  D17S928  and  D17S1822/D17S1830.  Together  these  data  indicate 
that  the  leukemic  cells  were  isodisomic  for  an  ~50  Mb  interstitial  17q  segment  which  carried  the  mutated  NFl  allele, 
thereby  resulting  in  LOH  and  functional  loss  of  NFL  Interstitial  isodisomy  most  likely  arose  by  a  double  mitotic 
recombination  during  the  S/G2  cell  cycle  of  a  hematopoietic  progenitor  cell,  which  gave  rise  to  the  malignant  clone. 
The  high  frequenc\’  and  common  recombination  breakpoint  inter\  als  of  these  novel  rearrangements  imply  that  along 
with  NFl,  additional  chromosome  1 7  loci  pla\  a  role  in  development  of  malignant  myeloid  disorders  in  NFl  children, 
perhaps  by  favoring  growth  of  the  malignant  clone.  Because  cases  of  maternal  and  paternal  isodisomic  regions  w'ere 
both  obsen'ed,  genomic  imprinting  is  unlikely  to  be  a  factor.  Bone  marrow'  cells  in  the  remaining  3  cases  showed  NF  1 
LOH,  NFl  monosomy,  and  small  LOH  regions  of  1-2  Mb  spanning  the  NFl  locus,  indicating  that  they  arose  by  small 
interstitial  deletions.  These  studies  demonstrate  that  critical  genetic  loci  and  mechanisms  underlying  neoplasia  ma\' 
not  be  detected  if  LOH  anah  ses  are  not  perfonned  in  conjunction  with  physical  mapping. 
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ABSTRACT 


A  novel  and  frequent  mechanism  of  loss  of  heterozygosity  in  malignant  myeloid  cells  of  NFl 
children;  Double  mitotic  recombination  at  common  breakpoint  intervals 
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Leukemic  cells  of  NPl  children  with  malignant  myeloid  disorders  commonly  show  loss  of 
constitutional  heterozygosity  (LOH)  at  the  NFl  gene  and  flanking  loci.  We  have  found  that  a 
novel  mechanism  of  LOH  is  employed,  which  involves  an  apparent  double  mitotic  recombination 
at  common  breakpoint  intervals.  Quantitative  PCR  and  FISH  analyses  of  leukemic  cells  revealed 
that,  despite  showing  LOH  at  NFl,  these  cells  harbor  two  NFl  alleles.  NFl  LOH  in  conjunction 
with  NFl  disomy  was  detected  in  9  out  of  1 1  cases  analyzed.  Six  of  these  cases  were  further 
studied  by  genotypic  analyses  of  loci  spanning  chromosome  17.  In  each  of  these  6  cases,  a  large 
interstitial  region  of  the  q  arm  of  chromosome  17  showed  LOH.  The  LOH  breakpoints  mapped 
to  common  intervals.  The  centromeric  LOH  breakpoint  in  5  of  6  cases  mapped  centromeric  to 
NFl  between  D17S1878  and  D17S975.  The  breakpoint  of  the  remaining  case  mapped  to  an 
adjacent  interval  bounded  by  D17S1878  and  D17S959.  Similarly,  4  of  the  6  cases  had  LOH 
breakpoints  close  to  the  telomere  in  intervals  bounded  by  D17S928  and  D17S1822/D17S1830. 
The  other  2  cases  had  breakpoints  within  this  region,  but  it  is  unclear  if  they  map  in  the  same 
interval  due  to  lack  of  informative  markers.  Together,  these  data  are  consistent  with  a  mechanism 
whereby  the  LOH  region  originated  by  a  double  mitotic  recombination  event  in  a  hematopoietic 
progenitor  cell  that  gave  rise  to  the  malignant  clone.  The  high  frequency  of  this  rearrangement  in 
leukemic  cells  of  NFl  children  implies  that  it  either  has  biological  significance,  such  as  selecting 
for  growth  of  the  malignant  clone,  or  is  favored  due  to  recombination-prone  sequences  in  specific 
regions  of  chromosome  17. 
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Summary 


Individuals  affected  with  neurofibromatosis  type  1  are  at  increased  risk  for  developing 
benign  and  malignant  tumors.  Affected  patients  with  a  microdeletion  spanning  the  NFl  gene  are 
remarkable  for  an  early  age  of  onset  of  dermal  neurofibromas,  greater  numbers  of  dermal 
neurofibromas  relative  to  their  age,  and  certain  abnormal  facial  features.  Previously,  we 
hypothesized  that  the  deletion  of  a  novel  gene  contiguous  with  NFl  predisposed  these  patients  to 
early  onset  tumorigenesis.  To  facilitate  screening  large  numbers  of  patients  for  microdeletions, 
we  developed  a  quantitative  gene  dosage  assay  for  a  segment  of  NFl  exon  32.  Thirty  patients  of 
selected  phenotype  were  screened  by  the  assay  which  predicted  that  21  were  disomic  at  NFl,  6 
monosomic  at  NFl,  and  3  were  of  "intermediate"  NFl  zygosity.  Fluorescent  in  situ 
hybridization  and  somatic  cell  hybrid  analyses  provided  physical  confirmation  that  the  6 
apparent  monosomic  patients  were  deleted  for  about  1-  2  Mb,  which  spanned  an  entire  NFl 
allele  and  contiguous  flanking  regions.  All  of  the  centromeric  and  telomeric  microdeletion 
breakpoints  were  cliistered  in  two  discrete  marker  intervals.  The  centromeric  breakpoints 
mapped  between  D17S1294  and  UT172,  while  the  telomeric  deletion  breakpoints  mapped 
between  D1 7S 1 800  and  D1 7S798 .  These  data  suggest  the  presence  of  recombination-prone 
sequences  that  flank  the  NFl  locm.  The  development  and  application  of  PCR-based  gene 
dosage  assays  for  loci  across  a  deleted  region  will  provide  rapid  identification  and  genotyping  of 
patients  with  microdeletions  for  detection  of  genotype/phenotype  correlations. 


Introduction 


Individuals  affected  with  neurofibromatosis  type  1  (NFl)  are  at  increased  risk  for  developing 
benign  and  malignant  tumors.  Essentially  all  NFl  patients  develop  benign  tumors  of  peripheral 
nerves,  called  neurofibromas,  which  are  most  commonly  of  the  discrete  cutaneous  type  (Huson 
1994;  Riccardi  1992).  Population-based  studies  have  shown  that  cutaneous  nemofibromas 
increase  in  number  with  age,  but  generally  do  not  appear  before  the  second  decade  of  life 
(Huson  et  al.  1988;  Huson  1994).  About  one-third  of  NFl  patients  also  develop  a  plexiform 
neurofibroma(s),  a  diffuse,  benign  peripheral  nerve  tumor,  which  can  be  severe  due  to 
hypertrophy  of  adjacent  normal  tissues  (Huson  1994;  Riccardi  1992).  Only  about  5%  of  patients 
develop  nodular  nemofibromas,  which  have  major  peripheral  nerve  trunk  involvement  and  can 
result  in  neurological  symptoms  (Huson  1994).  Other  tumors  epidemiologically-associated  with 
the  NFl  disorder  include  optic  pathway  glioma,  neurofibrosarcoma,  malignant  myeloid 
disorders,  pheochromocytoma,  and  nexirohmnoral-secreting  tumors  in  the  duodenum  and  the 
ampulla  of  Vater,  and  possibly  other  soft  tissue  sarcomas  and  carcinomas  (Mulvihill  1994; 

Zoller  et  al.  1995;  Zoller  et  al.  1997).  In  addition  to  having  an  increased  risk  for  certain  types  of 
neoplasms,  NFl  subjects  also  have  an  increased  risk  of  developing  a  second  malignancy.  The 
risk  for  NFl  patients  is  8-20%  compared  to  the  4%  risk  of  the  general  population  (Mulvihill 
1994). 

Genetic  and  biochemical  analyses  of  primary  leukemic  cells  of  children  with  NFl  and 
malignant  myeloid  disorders  has  provided  definitive  evidence  that  neurofibromin,  the  product  of 
the  NFl  gene,  functions  as  a  tumor  suppressor  by  negative  regulation  of  ras  (Miles  et  al.  1997; 
Shannon  et  al.  1994;  Side  et  al.  1997).  Consistent  with  these  data,  homozygous  inactivation  of 
NFl  has  been  detected  in  a  variety  of  tumors  fi’om  NFl  patients,  including  benign  dermal 


neurofibromas  (Colman  et  al.  1995;  Sawada  et  al.  1996;  Serra  et  al.  1997)  malignant  peripheral 
nerve  sheath  tumors  (Legius  et  al.  1993;  Skuse  et  al.  1989),  pheochromocytomas  pCu  et  al. 

1992),  and  neuroblastomas  (Martinsson  et  al.  1997;  The  et  al.  1993).  In  addition,  human 
malignant  tumor  cells,  cell  lines,  and  tissues  of  neurofibromin-deficient  mice  were  constitutive 
for  activated  ras,  which  promoted  cell  proliferation  (Basu  et  al.  1992;  Bollag  et  al.  1996;  DeClue 
et  al.  1992;  Kim  et  al.  1995;  Martin  et  al.  1990;  Xu  et  al.  1990).  Like  humans,  mice  with  NFl 
haplo-insufficiency  are  predisposed  to  develop  tumors,  in  particular  pheochromocytomas  and 
myeloid  leukemias  (Brannan  et  al.  1994;  Jacks  et  al.  1994;  Tischler  et  al.  1995). 

Additional  fimctions  for  the  ubiquitously-expressed  neurofibromin  protein  are  implied  by 
the  heart  malformation  and  ganglion  hyperplasia  of  neurofibromin-deficient  mice  (Braiman  et  al. 
1994),  the  interaction  of  neurofibromin  with  tubulin  and  microtubules  pCu  and  Gutmann  1997), 
and  the  array  of  clinical  findings,  other  than  tumor  development,  commonly  found  in  NFl 
patients.  For  example,  NFl  patients  typically  develop  cafe-au-lait  macules,  axillary  and/or 
inguinal  freckling,  and  Lisch  nodules  of  the  iris.  Bony  abnormalities  and  learning  disabilities 
occur  in  a  significant  subset  of  patients  (Gutmann  and  Collins  1995;  Huson  1994;  Riccardi 
1992). 

The  cloning  of  the  NFl  gene  (Cawthon  et  al.  1990;  Marchuk  et  al.  1991;  Viskochil  et  al. 
1990;  Wallace  et  al.  1990)  held  the  promise  of  identifying  specific  mutant  alleles  that 
predisposed  a  patient  to  develop  certain  clinical  manifestations  of  NFl,  particularly  for  the  more 
severe  manifestations  such  as  plexiform  nemofibromas,  optic  glioma,  sphenoid  dysplasia, 
kyphoscoliosis,  or  malignancy.  Such  correlations  could  provide  clues  to  other  functions  of 
neurofibromin  and  have  predictive  value  for  a  subset  of  patients.  However,  an  estimated  80%  of 
NFl  patients  had  germline  mutations  dispersed  throughout  the  gene  that  predicted  premature 


truncation  of  neurofibromin  (Heim  et  al.  1995;  Shen  et  al.  1996;  Upadhyaya  et  al.  1997). 

Among  these  patients,  no  correlation  between  NFl  genotype  and  phenotype  has  been  detected. 

In  contrast,  a  consistent  phenotype  has  been  observed  in  patients  with  an  NFl 
microdeletion.  Our  initial  reports  that  de  novo  NFl  microdeletion  patients  were  remarkable  for 
an  early  age  at  onset  of  dermal  neurofibromas  (<age  10  yr),  an  increased  number  of 
neurofibromas  relative  to  their  age  (>85  percentile),  and  a  mildly  dysmorphic  facies  (Kayes  et  al. 
1994;  Kayes  et  al.  1992)  have  subsequently  been  confirmed  by  us  and  other  investigators 
(Ainsworth  et  al.  1997;  Cnossen  et  al.  1997;  Leppig  et  al.  1996;  Valero  et  al.  1997;  Wu  et  al. 
1995).  Studies  of  families  segregating  an  NFl  deletion  demonstrated  that  it  is  co-inherited  with 
the  dysmorphic  facies  and  early  onset  of  neurofibromas  (Cnossen  et  al.  1997;  Leppig  et  al.  1997; 
Wu  et  al.  1997).  These  studies  strengthen  the  argument  that  an  NFl  microdeletion  is  the 
primary  cause  of  the  remarkable  tumor  phenotype  of  these  patients. 

The  molecular  basis  for  the  early  onset  of  dermal  neurofibromas  in  NFl  microdeletion 
patients  is  unknown.  In  general,  it  can  be  attributed  to  (1)  hemizygosity  of  the  NFl  gene  alone, 
(2)  hemizygosity  of  both  NFl  and  a  novel  contiguous  gene(s),  or  (3)  inactivation  or  activation  of 
a  novel  gene  at  the  deletion  breakjwint.  These  possibilities  caimot  be  distinguished  currently 
because  the  number  of  deletion  patients  is  relatively  small  and  information  regarding  tumor 
number,  age  at  tumor  onset,  and/or  the  physical  delineation  of  the  deletions  were  not  always 
evaluated  and/or  reported.  It  jqjpears  unlikely  that  neurofibromin  haplo-insufficiency  alone 
could  account  for  early  onset  of  tumorigenesis.  In  a  popizlation-based  study  of  NFl  patients  of 
imdetermined  genotype,  about  14%  of  subjects  developed  dermal  neurofibromas  before  10  years 
of  age  (Huson  et  al.  1988;  Huson  1994).  Yet,  approximately  80%  of  NFl  patients  cany 
mutations  that  predict  haplo-insufficiency  of  neurofibromin  due  to  premature  protein  termination 


(Upadhyaya  et  al.  1997).  In  addition,  patients  with  NFl  mutations  predicting  premature 
translation  termination  do  not  typically  have  early  onset  or  large  numbers  of  neurofibromas. 

The  germline  NFl  microdeletions  mapped  to  date  have  an  estimated  length  of  0.7  -  2  Mb, 
which,  even  accounting  for  the  large  350  kb  NFl  gene,  makes  it  highly  probable  that  multiple 
unknown  contiguous  genes  are  also  deleted  (Kayes  et  al.  1994;  Kayes  et  al.  1992;  Leppig  et  al. 
1997;  Leppig  et  al.  1996).  Testing  the  possibility  that  the  early  onset  of  tumorigenesis  is  caused 
by  activation  or  inactivation  of  a  gene  at  the  deletion  breakpoint  awaits  finer  mapping  studies. 

At  least  one  out  8  probands,  however,  is  known  to  have  unique  deletion  breakpoints  (Kayes  et  al. 
1994). 

To  date,  NFl  deletion  studies  were  limited  primarily  to  patient  cohorts  of  selected 
phenotype  and  utilized  inefficient  methods  for  deletion  detection.  NFl  hemizygosity  has  been 
detected  by  densitometry  of  NFl  fragments  on  Southern  blots,  conventional  nonquantitative 
PCR,  absence  of  biparental  allelic  inheritance  in  patients  with  sporadic  NFl  disease,  or 
unexpected  apparent  homozygosity  at  multiple  intragenic  and  extragenic  polymorphic  sites 
(Ainsworth  et  al.  1997;  Cnossen  et  al.  1997;  Colman  et  al.  1996;  Kamei  et  al.  1992;  Kayes  et  al. 
1994;  Kayes  et  al.  1992;  Valero  et  al.  1997).  These  methods  are  neither  robust  nor  sensitive. 
Physical  confirmation  of  an  NFl  deletion  in  some  patients  was  obtained  by  somatic  cell  hybrid 
analysis  and  fluorescence  in  situ  hybridization  (FISH)  (Kayes  et  al.  1994;  Leppig  et  al.  1997; 
Leppig  et  al.  1996;  Riva  et  al.  1996;  Wu  et  al.  1997;  Wu  et  al.  1995).  Although  definitive,  such 
physical  mapping  methods  are  no  applicable  for  screening  a  large  cohort  of  patients. 

In  the  present  study,  we  describe  a  itqjid  and  sensitive  method  for  detecting 
microdeletion  patients  that  employs  a  quantitative  NFl  gene  dosage  assay.  Of  30  patients  of 
selected  phenotype  screened  by  the  assay,  6  had  gene  dosage  values  that  prediccted  NFl 


hemizygosity.  Physical  mq)ping  confirmed  an  NFl  microdeletion  in  these  patients  and  revealed 
that  their  breakpoints  mapped  to  common  marker  intervals.  This  assay  will  facilitate  identifying 
contiguous  gene(s)  that  may  contribute  to  the  phaiotype  of  NFl  microdeletion  patients  and  is 
generally  applicable  to  investigating  genotype/phenotype  correlations  of  any  contiguous  gene 
syndrome. 

Subjects  and  Methods 

Human  Subjects.  DNA  from  1 1  bona  fide  NFl  henuzygotes,  as  determined  by  somatic  cell 
hybrid  analysis  and  FISH,  were  used  as  positive  controls.  Nine  of  these  patients  have  been 
described  previously,  UWA106-3,  UWAl  19-1,  UWA123-3,  UWA128-3,  and  UWA69-3  (Kayes 
et  al.  1994;  Kayes  et  al.  1992),  UWA160-1  (Leppig  et  al.  1996),  UWA166-1,  UWA166-2,  and 
UWA169-1  (Leppig  et  al.  1997).  DNAs  from  21  umelated  unaffected  subjects  were  used  as 
positive  controls,  including  the  4  grandparents  of  5  families  of  The  Centre  d'Etudes  du 
Polymorphisme  Humain  (families  K-1331,  K-1333,  K-1340,  K-1341,  and  K-1029  from  the 
Coriell  Cell  Repositories, Camden,  NJ)  and  one  anonymous  blood  donor  (sample  ClOl).  This 
study  was  approved  by  the  University  of  Washington  Institutional  Review  Board. 

UWA147-3  (referred  by  L.I.)  is  a  male  of  Mexican  heritage  bom  at  term  to  a  gravida  3 
para  2-3  mother  at  age  23  years  and  a  father  of  25  years;  parents  had  a  negative  family  history  of 
neurofibromatosis.  Birth  weight  was  8  lb  2  oz;  body  length  19  in.  Three  cafe  au  lait  spots  were 
noted  at  birth.  At  nine  months,  when  first  evaluated  by  a  clinical  geneticist,  he  was  not  yet 
sitting  -  he  did  roll  over,  transfer  objects,  bear  weight  and  babble.  Height,  weight  and  head 
circumference  were  all  within  normal  limits.  Facies  were  marked  by  telecanthus,  downslanting 
palpebral  fissures  and  iimer  canthal  distance  at  9T‘’  percentile,  broad  nose,  micrognathia,  and 


courseness.  He  had  a  mild  pectus  carmatum  superiorly  with  excavatum  caudally  and  cubitus 
valgus.  Multiple  cafe  au  lait  spots  were  present.  His  teeth  were  noted  to  be  very  large. 

At  24  months,  on  reexamination,  he  had  3  words.  He  had  begun  walking  at  21  months. 
Growth  was  still  normal.  His  facial  skin  was  now  replete  with  brown  patches  and  reddish  tan 
raised  lesions,  also  present  on  scalp  along  with  a  sebaceous  nevus;  axillary  and  inguinal 
freckling  were  present.  His  front  teeth  appeared  to  be  fused.  Overall,  his  facial  appearance  was 
suggestive  of  the  Noonan  syndrome.  At  age  6  he  has  poor  muscle  tone,  hypotonia,  and  is  not  yet 
reliably  continent  of  urine  and  stool. 

Patient  UWAl  67- 1  (referred  by  C.C.)  is  a  now  5  year  old  Caucasian  male  who  was  the 
product  of  a  first  pregnancy  to  a  22  year  old  mother  and  a  27  year  old  father.  The  duration  of 
the  pregnancy  was  35.5  weeks,  and  there  were  no  prenatal  complications.  His  birth  weight  was 
3.0  kg  and  he  was  thought  to  look  mildly  "puffy"  at  birth.  He  required  supplemental  oxygen  for 
36  hours  and  had  mild  jaimdice  delaying  hospital  discharge.  A  cardiac  murmur  was  noted  at  two 
months  of  age  and  an  echocardiogram  reveale^  an  atrial  septal  defect  at  the  fossa  ovalis  and  mild 
to  moderate  pulmonic  stenosis.  Despite  significant  gastroesophageal  reflux,  he  experienced 
good  weight  gain.  Initial  evaluation  at  4  months  of  age  revealed  mild  bilateral  ptosis,  nail 
hypoplasia,  and  unexplained  hepatomegaly.  At  9  months  of  age,  he  had  3-4  cafe  au  lait  macules 
that  by  age  4  had  increased  in  number  to  15-20  macules,  along  with  early  inguinal  and  axillary 
freckling.  By  age  4,  he  had  at  least  seven  cutaneous  neurofibromas,  one  with  an  overlying  tuft 
of  hair.  There  were  several  hypopigmented  spots,  including  a  large  nevus  anemicus  on  the  left 
shoulder  and  neck. 

At  17  months  of  age,  patient  UWAl  67-1  began  having  infantile  spasms.  An  MRI  scan  at 
this  time  revealed  a  poorly  formed  rostrum  of  the  corpus  callosum  and  abnormal  increased  signal 


density  in  the  frontal  subcortical  white  matter,  temporal  lobe,  and  periatrial  white  matter.  His 
seizures  ceased  abruptly  at  approximately  age  two. 

At  his  current  age,  he  is  mildly  developmentally  delayed,  particularly  in  the  area 
of  expressive  language.  His  phenotype  is  significant  for  mild  ptosis,  blue  eyes  without  obvious 
Lisch  nodules,  a  long  philtrum,  sloping  trapezius  muscles  without  real  neck  webbing,  pectus 
carinatum  deformity,  cardiac  murmur,  hisutism  especially  over  the  lower  back,  diastasis  recti, 
cubitus  valgus,  and  hyperextensibility  of  finger  and  elbow  joints.  His  hepatomegaly  had 
resolved.  Evolution  of  his  phenotype  is  shown  in  Figure  6A-B. 

Patient  UWA172-1  (referred  by  A.R.)  is  now  a  35  year  old  female  with  multiple  dermal 
neurofibromas,  facial  anomalies,  large  hands  and  feet,  and  a  negative  family  history  of  NFl . 

She  had  surgery  for  a  symptomatic  optic  glioma  at  the  age  of  7  years  with  subsequent  loss  of 
light  perception  in  the  right  eye.  She  had  subtotal  removal  of  a  large  Cl  cervical  plexiform 
neurofibroma  at  age  23  and  removal  of  a  plexiform  neurofibroma  of  the  left  arm  at  age  29.  The 
patient  graduated  from  high  school  and  is  employed.  Age  at  onset  of  dermal  neurofibromas  is 
not  unknown. 

Patient  UWA176-1  (referred  by  J.O.)  is  a  13  year  old  female  who  was  given  a  clinical 
diagnosis  of  NFl  with  the  Noonan  phenotype  based  on  her  dermatological  findings,  facial 
dismorphism,  and  somewhat  webbed  neck.  Complications  from  NFl  included  multiple  sites  of 
bony  dysplasia  including  the  cervical  spine,  which  was  fused  for  stability,  and  congenital 
dislocation  of  the  radial  head  and  overgrowth  of  the  ulna  relative  to  radius  (Madelung 
deformity).  In  addition,  she  had  plexiform  neurofibromas  on  the  right  hand  and  lumbosacral 
spine,  and  significant  learning  disabilities/academic  diffioilties.  The  age  of  onset  of  dermal 
neurofibromas  is  not  known;  family  history  was  negative  for  NF. 


Patient  UWA183-1  (referred  by  E.H.)  is  now  a  13  year  old  Caucasian  male  who  was  the 


product  of  the  first  pregnancy  of  unrelated  parents,  mother  aged  15  yrs  and  father  aged  21  yrs. 
He  was  bom  at  40  weeks  gestation  with  birth  weight  2.88  kg  after  a  normal  pregnancy, 
prolonged  labor  associated  with  meconium  stained  liquor,  and  normal  delivery.  The  umbilical 
cord  contained  two  vessels.  At  birth,  he  had  polycythemia  associated  with  tachypnoea  and  brief 
hypoglycemia  and  received  a  partial  exchange  transfusion.  He  presented  at  10  months  of  age 
with  a  lump  in  the  pinna  of  the  left  ear  that  extended  into  the  neck  below,  and  the  scalp  above 
and  behind  the  ear.  Multiple  cafe  au  lait  patches  were  noted.  A  diagnosis  of  neurofibromatosis 
was  made.  The  lump  was  removed  at  14  months  and  shown  to  be  a  plexiform  neurofibroma. 
Mild  pulmonary  valve  stenosis  and  developmental  delay  were  docmnented  at  this  time  The 
parents  were  examined  and  father  had  a  single  cafe  au  lait  patch  while  mother  had  no  features  of 
neurofibromatosis.  CT  of  the  head  and  neck  at  18  months  of  age  demonstrated  that  the 
plexiform  neurofibroma  extended  into  the  left  temporal  region  and  extensively  infiltrated  the 
neck  in  the  submandibular  region. 

He  was  referred  to  the  Genetics  Clinic  at  21  months  of  age.  He  had  a  distinctive 
craniofacial  appearance  with  broad  and  high  forehead,  triangular  facies,  striking  pale  blue  eyes, 
telecanthus,  widely  set  eyes,  epicanthic  folds,  mild  ptosis,  broad  nasal  bridge,  long  philtrum, 
dental  malocclusion  with  open  anterior  bite,  small  chin,  low  set  left  ear  with  brown  pigmentation 
of  skin  within  the  pinna  and  abnormal  hair  growth  over  the  plexiform  neurofibroma,  which  was 
palpable  in  the  region  of  the  left  ear  and  in  the  neck  below  the  mandible.  He  had  multiple  cafe 
au  lait  patches  and  axillary  freckling.  Mild-moderate  pulmonary  valve  stenosis  had  been 
documented  on  echocardiography.  His  developmental  functioning  was  at  a  10-12  month  level. 

A  diagnosis  of  neurofibromatosis-Noonan  syndrome  was  made;  karyotype  was  normal. 


At  5  years  1 1  months  his  abilities  were  assessed  to  be  in  the  lower  end  of  the  borderline 
range  on  the  Wechsler  Preschool  and  Primary  Scale  of  Intelligence.  His  verbal  abilities  were 
significantly  better  than  his  non-verbal  abilities.  Excision  of  the  plexiform  neurofibroma  from 
the  left  neck,  left  side  of  tongue  and  left  pinna  was  performed  at  6  years  of  age. 

At  12.5  years  of  age,  he  had  borderline  intelligence  and  attended  a  normal  school,  with 
special  classes  for  some  subjects.  He  had  mild  intermittent  asthma.  He  had  height  150.8  cm  (25- 
50th  centile),  weight  38  kg  (25th  centile)  and  head  circumference  55.2  cm  (50th-98th  centile). 
There  were  a  broad  high  forehead,  small  epicanthic  folds,  telecanthus  (inner  canthal  distance  36 
mm,  97th  centile),  widely  set  eyes  (interpupillaiy  distance  59  mm,  75th-97th  centile)  and  broad 
nasal  bridge.  Facial  asymmetry  was  present  with  xmequal  palpebral  fissure  lengths  (right  30 
mm,  left  25  mm),  reduced  facial  soft  tissue  on  the  left,  chin  point  deviated  to  left  and  the  left  ear 
was  enlarged,  low  set  and  there  was  brown  pigmentated  skin  within  the  pinna.  The  chin  was 
small  and  the  inferior  margin  of  the  mandible  was  irregular.  Within  the  mouth  there  were 
palatal  scoliosis,  neurofibroma  tissue  evident  within  the  left  side  of  the  tongue,  slight  tilt  of  the 
occlusal  plane  upwards  to  the  left  and  severe  malocclusion  class  II  with  left  cross-bite.  Eye 
examination  documented  visual  acuities  of  6/9  on  the  right  and  6/12  on  the  left,  mild 
hypermetropia,  mild  amblyopia,  divergent  strabismus  and  Lisch  nodules.  He  had  minor 
webbing  of  the  neck,  numerous  cafe  au  lait  patches,  axillaiy  and  ing\iinal  freckling,  10  small 
cutaneous  neurofibromas  and  pes  planus  with  wide  feet.  There  was  a  30-40  dB  conductive 
hearing  loss  on  the  left,  in  part  the  result  of  chronic  serious  otitis  media.  The  pulmonary  stenosis 
had  progressed  and  was  moderate  in  degree.  There  was  no  chest  wall  deformity.  His  phenotype 
is  shown  in  Figmes  6C-E. 


Patient  UWA184-1  (referred  by  A.S.A.)  is  a  10  year  old  female  who  presented  in  infancy 
with  dysmorphic  features  including  coarse  faci^,  feeding  problems,  sleep  disorder,  congestion, 
hypertonia,  mild  hepatosplenomegaly  that  later  normalized,  four  cafe  au  lait  spots  greater  than  5 
mm,  and  2  freckles.  She  subsequently  was  found  to  have  an  immunodeficiency  (treated  with 
IgG  infusions  since  age  3  years),  global  developmental  delays  in  the  borderline  range,  and 
diffuse  abnormalities  of  CNS  white  matter  development  by  MRI.  She  developed  increasing 
numbers  of  cafe  au  lait  spots,  intertriginous  freckling,  and  by  age  5  years,  small  cutaneous 
nodules  compatible  with  neurofibromas  over  the  trunk  and  thighs.  Neither  parent  had  significant 
features  of  NFl  and  the  extended  family  history  was  negative  for  neurofibromatosis. 

NFl  gene  dosage  assay.  Primers  (5’— >  3’)  consisted  of 

L14(ATCTAGTATTTTTGAGGCCTCAG)  and  L15(CAGATATGCTATAGTACAGAAGG), 
which  produced  a  3 10  bp  segment  of  NFl  exon  32  (Cawthon  et  al.  1990);  (Li  et  al.  1995).  The 
primers  L14  and  L15  were  screened  against  a  human/rodent  somatic  cell  hybrid  panel  (NIGMS 
Panel  #2,  Corielle  Cell  Repositories,  Camden,  NJ).  Primers  APP580F 
(GCCAGTTGTATATTATTCTTGTG)  (Celi  et  al.  1994)  and  APP810R 
(AAGCAGCAATCTGTACAGTAA)  amplified  a  232  bp  segment  of  exon  18  of  the  amyloid 
beta  precursor  protein  gene  {APP),  a  single  copy  gene  on  chromosome  21  that  was  used  as  a 
control  for  disomy. 

The  internal  standard  (I.S.)  for  NFl  was  generated  by  two  successive  polymerase  chain 
reactions  (Celi  et  al.  1994;  Celi  et  al.  1993).  The  genomic  DNA  from  normal  subject  Cl 01  was 
amplified  with  primers  L14  and  L15  and  the  product  re-amplified  with  primers  L14  and  LlSdel, 
a  mutagenic  reverse  primer  designed  to  introduce  a  20  bp  subterminal  deletion  in  the  amplified 
product.  The  sequence  of  primer  LlSdel  was 


CAGATATGCTATAGTACAGAAGGr  ]TCACATTTCCAGAAGCC,  where  the  23  bases 


identical  to  the  nomnutagenic  primer  LI  5  are  underlined  and  the  position  of  the  20  bp  gap 
deletion  is  bracketed.  The  NFl  I.S.  and  the  genomic  alleles  are  amplified  by  the  same  primers, 
L14  and  L15,  but  the  I.S.  product  is  20  bp  smaller  for  electrophoretic  resolution.  An  I.S.  for  the 
APP  gene  was  constructed  similarly  by  amplification  with  primers  APP580F  and  APP810R 
(Celi  et  al.  1994)  followed  by  re-amplification  with  APP580F  and  the  mutagenic  reverse  primer 
APP768del,  AAGCAGCAATCTGTACAGTAAr  ]TCTCTAAAGCATCTGAAATAC  (brackets 
and  underline,  as  before).  For  stability  and  convraiience  the  I.S.  fi'agments  were  cloned  into 
Smal  linearized  pUC19,  whose  ends  were  modified  by  addition  of  a  T  by  a  2  hr  incubation  at  75 
°C  in  50  mM KCl,  10  mM Tris-HCl,  pH  8.3, 1.5  mM  MgCl2,  0.001  %  (w/v)  gelatin,  1  mM 
dTTP,  and  5  pi  of  AmpliTaq  polymerase  (Applied  Biosystems,  Foster  City,  CA).  The  amplified 
products  were  purified  by  Qiagen  PCR  purification  kit  (Qiagen,  Chatsworth,  CA),  ligated  into 
pUC19  by  T4  ligase,  and  transformed  into  E.  coli  DH5a  using  standard  methods.  Prior  to  use  in 
the  gene  dosage  assay,  the  plasmids  pKM204  and  pKM201 ,  harboring  the  NFl  and  APP  I.S. 
respectively,  were  linearized  with  EcoBl.  Although  the  effect  of  linearized  I.S.  plasmids  on  the 
yield  of  this  assay  was  not  tested  specifically,  we  believe  it  gave  a  more  consistent  performance. 
To  confirm  equimolar  quantities,  titration  experiments  were  performed  with  the  two  linearized 
I.S.  plasmids.  After  the  optimal  concentrations  were  determined,  the  two  plasmids  harboring  the 
I.S.  were  mixed  and  stored  in  aliquots  at  -20  °C  for  future  assays. 

The  NFl  gene  dosage  assay  was  performed  in  a  volume  of  25  pi  and  contained  50  ng 
genomic  DNA  of  the  patient  (10  ng/pl  in  10  pg/ml  yeast  tRNA),  an  equimolar  quantity  of  each 
internal  standard  (0.05  pg  of  each  linearized  pKM204  and  pKM201),  0.5  pM  each  primer  pair 
L14/L15  and  APP580F/APP8  lOR,  0.025  pM  y-'"P  radiolabeled  primers  L14  and  APP580F,  200 


^iM  each  dNTP  (Pharmacia,  Piscataway,  NJ),  and  2.5  Units  of  AmpliTaq  DNA  polymerase 
(Applied  Biosystems,  Foster  City,  CA).  Hot  start  PCR  was  performed  by  heating  genomic  DNA 
of  the  subject,  I.S.  plasmids  for  NFl  and  APP,  and  primer  sets  L14/L15  and  APP580F/APP8  lOR 
for  4  min  at  94  °C.  After  addition  of  an  aliquot  containing  the  remaining  reagents,  the  reaction 
was  amplified  by  22  cycles  of  1  min  94  °C,  1 .5  min  55  °C,  1 .5  min  72  °C.  The  last  cycle  was 
followed  by  a  5  min  extension  at  72  °C.  Subsequently,  AmpliTaq  Gold  (Perkin-Ehner,  San 
Francisco,  CA)  was  used  successfully  instead  of  the  manual  hot  start  protocol.  After  addition  of 
an  equal  volume  of  loading  dye  buffer  (95  %  formamide,  0.05  %  xylene  cyanol  FF,  0.05  % 
bromophenol  blue,  20  mM  EDT,  pH  8.0),  20  pi  of  the  reaction  was  electrophoresed  through  a  1 
mm  thick  6%  polyacrylamide  gel  with  7M  urea  in  IX  TBE  (8.9  mM  Tris,  8.9  mM  boric  acid, 

0.2  mM  EDT  A,  pH  8.0)  for  two  hours  at  25  V/cm  at  constant.  The  gel  was  partially  dried, 
exposed  to  a  phosphor  screen  and  the  products  quantified  with  a  GS-250  Phosphorlmager  (Bio- 
Rad,  Hercules,  CA).  After  adjusting  for  the  background,  the  NFl  gene  dosage  was  calculated  as 
described  in  Figure  1 . 

Deletion  mapping.  FISH  of  chromosomes  prepared  from  immortalized  lymphoblasts  was 
performed  as  described  previously  with  probe  PI -9,  which  harbors  about  65  kb  of  NFl  exons  2- 
1 1  (Leppig  et  al.  1996).  A  minimum  of  20  scorable  met^hase  cells  with  both  homologues  of 
chromosome  17  clearly  identifiable  were  analyzed  for  each  patient;  symmetrical  signals  on  both 
chromatids  of  one  homolog  of  chromosome  17  was  scored  as  an  intact  NFl  locus,  while  lack  of 
signal  on  both  chromatids  was  scored  as  an  NFl  deletion.  Human/rodent  somatic  cell  hybrid 
lines  carrying  only  one  human  chromosome  17  homolog  were  constructed  as  described 
previously  (Kayes  et  al.  1994).  Deletion  mapping  was  performed  by  amplification  of  DNA  from 
rodent/human  hybrid  cell  lines  or  from  DNA  of  peripheral  blood  cells  for  some  polymorphic 


loci.  NFl  intragenic  loci  included  exon  5  (Hoffineyer  and  Assum  1994),  intron  27b  (Li  et  al. 
1995;  Xu  et  al.  1991),  and  intron  38  (Lazaro  et  al.  1993).  NFl  flanking  marker  were  D17S33 
(Ainsworth  and  Rodenhiser  1991)  and  D17S57  (Rodenhiser  et  al.  1993),  UT172  (Shannon  et  al. 
1994),  CRYBl,  D17S975,  D17S798,  D17S1294,  andD17S1800.  The  marker  locations  were  as 
previously  described  (Kayes  et  al.  1994).  D17S975,  D17S1294,  UT172,  D17S1800,  and 
D1 7S798  were  determined  by  analysis  of  a  somatic  cell  hybrid  mapping  panel  of  NFl 
microdeletions  (K.  Stephens,  unpublished  data).  Plasmids  carrying  the  terminal  segments  of  an 
NFl  YAC  contig  (pAHl  and  pAN2;  (Marchuk  et  al.  1992)  were  sequenced  in  part  using  a 
pYAC4  vector-specific  primer  (ACTGGGTTGGAAGGCAAGAG)  to  design  primers  for  locus- 
specific  amplification.  The  AHl  locus  was  amplified  as  a  product  of  about  238  bp  using  primers 
AH1-9600-F:  GATGGATATCAGGTACCGACAG  and  AH1-9600-R: 
GAGTCAGTCTGCTGAGTTTGCA.  The  AN2  locus  was  amplified  as  a  product  of  about  335 
bp  with  primers  AN2-517-F:  GGCCAAGTATCAATACACGTG  and  AN2-517-R: 
GCTCATCATACTGCAGTACAG.  Both  loci  were  amplified  from  250  ng  of  DNA  in  a 
reaction  of  100  pM  each  primer,  1.5  mM  MgCl2, 10%  glycerol,  200  pM  each  dNTP,  1  Unit  Taq 
polymerase  and  buffer  (Boehringer  Mannheim)  for  1  min  at  94°C,  and  35  cycles  of  1  min  10  sec 
at  94°C,  2  min  at  58°C,  and  2  min  at  72°C. 


Results 


The  NFl  gene  dosage  assay. 

The  NFl  gene  dosage  assay  is  a  modification  of  an  assay  originally  designed  and 
validated  for  detection  of  trisomy  21  (Cell  et  al.  1994).  The  method  is  a  competitive  PCR, 
which  employs  two  types  of  internal  controls  to  minimize  the  random  nature  of  amplification. 
The  first  type  of  control  establishes  a  competitive  reaction  by  the  addition  of  two  DNA 
segments,  termed  internal  standards  (I.S.).  The  first  I.S.  shares  the  same  primer  binding 
sequences  as  the  target  NFl  gene,  while  the  second  I.S.  shares  primer  binding  sequences  with  a 
disomic  reference  gene  on  another  autosome.  The  second  type  of  internal  control  is  the  disomic 
reference  gene.  The  disomic  reference  gene  and  the  target  gene  are  co-amplified  firom  patient 
genomic  DNA  imder  the  assumption  that  any  factor  which  affects  the  quantity  or  quality  of  the 
target  gene  will  affect  the  reference  gene  in  the  same  manner.  Therefore,  the  NFl  gene  dosage 
can  be  determined  by  normalization  to  the  disomic  reference  gene.  See  the  appendix  for  a  brief 
consideration  of  the  theoretical  aspects  of  gene  dosage  PCR. 

Examples  of  the  NFl  dosage  assay  of  genomic  DNA  fix)m  a  disomic  control  subject  and 
an  NFl  hemizygous  subject  are  depicted  in  Figure  1.  In  this  example,  the  NFl  dosage  for  the 
unaffected  disomic  control  subject  was  0.93,  close  to  the  expected  value  of  unity,  and  the  gene 
dosage  for  the  hemizygous  control  subject  was  0.5,  as  expected. 

Because  multiple  autosomes  carry  AF7-related  sequences  that  have  a  high  degree  of 
homology  with  the  expressed  AF7  locus  on  chromosome  17  (Cummings  et  al.  1996;  Legius  et 
al.  1992;  Purandare  et  al.  1995;  Regnier  et  al.  1997),  it  was  critical  to  choose  primers  for  the 
gene  dosage  assay  that  specifically  amplified  only  the  expressed  NFl  locus.  For  this  reason, 
primers  L14  and  L15  were  screened  against  a  panel  of  human  monochromosomal  somatic  cell 


hybrids.  These  data  confinned  that  only  the  expressed  NFl  locus  on  chromosome  1 7  was 
amplified  imder  the  defined  conditions  of  the  assay  (data  not  shown). 

Equivalency  of  amplification  efficiencies 

In  the  multiplexed  PCR  reaction,  the  amplification  efficiency  was  exponential  for  both 
NFl  and  APP  genes  and  their  respective  internal  standard  sequences  fi'om  cycle  1 8  through 
cycle  25  (Figure  2).  As  the  munber  of  cycles  increased,  however,  there  was  a  change  in  the  ratio 
of  the  products  fi’om  the  genomic  target  genes  to  the  products  fi-om  their  internal  standards 
(Figure  3).  For  cycles  less  than  20,  the  high  background  relative  to  the  signal  resulted  in  a 
greater  variation  among  the  three  replicate  reactions.  For  cycles  greater  than  20,  the  background 
was  less  than  10  %  of  the  product  signal  (data  not  shown)  and  variation  among  replicates  was 
minimal  The  ratio  of  products  amplified  from  the  genomic  DNA  to  those  fi-om  the  internal 
standards  remained  constant  from  cycles  20-23  for  both  NFl  and  APP  (Figure  3A,  3B).  After 
the  plateau  was  reached,  however,  the  ratio  of  products  amplified  fi-om  genomic  DNA  to  internal 
standards  increased  slightly  for  NFl  and  decreased  for  APP,  resulting  in  a  higher  NFl! APP  ratio 
(Figiue  3C).  Therefore,  subsequent  gene  dosage  assays  were  terminated  at  22  or  23  cycles. 
Variability  within  and  among  gels 

To  study  the  effect  of  variation  due  to  the  stochastic  nature  of  PCR,  28  replicate  NFl 
gene  dosage  assays  were  performed  for  22  cycles  with  genomic  DNA  firom  an  unaffected  control 
subject  and  another  28  replicate  assays  with  genomic  DNA  fix)m  an  NFl  hemizygous  subject. 
Although  absolute  amotmts  of  product  varied  among  the  28  reactions,  the  ratio  of  the  products 
amplified  fi'om  the  genomic  genes  to  those  firom  the  internal  standards  remained  quite  similar,  as 
did  the  final  NFl! APP  ratio  (data  not  shown).  For  an  xmaffected  subject,  the  mean  NFl! APP 
ratio  was  1 .04  ±  0.08  sd  (one  standard  deviation).  As  expected  firom  the  model,  the  mean  for 


UWA166-1,  an  NFl  hemizygous  subject,  was  0.51  ±  0.068  sd.  When  replicate  reactions  were 
electrophoresed  through  gels  prepared  independently,  both  the  mean  and  standard  deviation 
remained  the  same,  indicating  that  the  gel  electrophoresis  and  quantitation  by  phosphorimaging 
does  not  introduce  any  significant  variation. 

To  mimic  variation  in  the  reaction  samples,  assays  with  vaiying  ratios  of  genomic  DNA 
to  internal  standards  were  performed  using  genomic  DNA  from  an  unaffected  subject.  Although 
the  product  output  varied  along  with  the  input  of  genomic  genes  and  internal  standards,  the 
NFl/APP  ratio  remained  constant  at  the  optimal  22  cycles  (data  not  shown). 

Distribution  of  NFl  gene  dosage  values  among  control  subjects. 

To  determine  if  the  NFl  gene  dosage  values  constituted  two  distinct  distributions, 
disomic  and  monosomic  control  subjects  were  assayed.  Twenty-one  unaffected  control 
individuals  (presumed  disomic  at  NFl)  gave  a  mean  gene  dosage  value  of  0.98  ±  0.08  sd 
(Figure  4).  Eleven  affected  NFl  hemizygous  control  subjects  gave  a  mean  gene  dosage  value  of 
0.45  ±  0.04  sd.  The  outlier  values  for  each  distribution  did  not  overlap.  To  approximate  a  95% 
confidence  interval,  the  range  of  values  for  disomy  or  monosomy  were  set  at  the  mean  ±  2  sd. 
This  gave  a  gene  dosage  value  range  of  0.82  - 1 . 14  as  indicative  of  NFl  disomy  and  a  range  of 
0.37  -  0.53  for  NFl  monosomy. 

Identification  of  patients  vyith  NFl  microdeletions  by  the  gene  dosage  assay 

Genomic  DNA  from  30  probands  was  screened  to  test  the  utility  of  the  gene  dosage 
assay.  To  increase  the  probability  that  this  group  included  at  least  one  patient  with  an  NFl 
deletion,  it  was  limited  to  subjects  whose  phenotype,  in  our  judgement,  was  suggestive  of  an 
NFl  microdeletion.  Based  on  their  clinical  findings,  the  patients  were  categorized  into  one  of 


four  general  phenotypic  classes  (Table  1).  Of  the  30  probands  screened,  21  had  gene  dosage 
values  between  0.82  and  1.14,  which  was  consistent  with  NFl  disomy  and  6  had  values  of  0.42 
to  0.47,  consistent  with  NFl  monosomy  (Table  1;  Figures  4  and  5).  For  the  3  remaining 
patients,  the  NFl  zygosity  was  classified  as  "intermediate"  because  the  mean  dosage  from 
duplicate  assays  of  these  subjects  was  0.67, 0.80,  and  0.78  (Table  1,  Figure  4). 

Confirmation  and  mapping  of  NFl  deletions 

To  confirm  the  presence  of  a  deletion  and  to  determine  if  it  extended  beyond  NFl  exon 
32,  the  NFl  region  of  the  6  putative  deletion  patients  was  physically  mapped.  FISH  with  the 
NFl  probe  Pl-9  of  lymphoblasts  from  4  patients  (UWA176-1,  UWA147-3,  UWA167-1, 
UWA183-1)  revealed  hybridization  signals  on  both  chromatids  of  only  one  chromosome  17 
homolog  (data  not  shown).  These  data  confirmed  deletion  of  at  least  NFl  exons  2  through  1 1 
(~65  kb).  To  facilitate  finer  deletion  mapping,  each  patient's  chromosome  17  homologs  were 
segregated  into  rodent  cell  lines.  Genotypic  analysis  of  each  homolog  confirmed  that  these  6 
patients  earned  one  chromosome  1 7  that  was  deleted  for  the  NFl  gene  and  significant  flanking 
sequences  (Figure  5). 

Remarkably,  both  the  centromeric  and  telomeric  breakpoints  of  all  6  patients  mapped  to 
the  same  marker  intervals  (Figure  5).  The  deleted  region  between  D1 7S 1 294  and  D1 7S798  has 
an  estimated  genetic  length  of  2.67  cM  on  the  sex-averaged  chromosome  17  m^.  Because 
recombination  is  greater  in  males  than  females  between  these  two  markers;  genetic  lengths  were 
5.38  cM  and  0  cM,  respectively.  The  physical  length  of  the  region  is  unknown  but  is  estimated 
between  700  -  1500  kb  based  on  the  size  of  the  700  kb  YAC  contig  and  the  1.5  Mb  estimated 
distance  between  UT172  and  NFl  (Marchuk  et  al.  1992;  Shannon  et  al.  1994)  (Figure  5).  The 
physical  size  of  the  breakpoint  cluster  regions,  designated  cenBCR  and  telBCR,  are  unknown. 


Discussion 


We  have  developed  a  quantitative  NFl  gene  dosage  PCR  assay,  which  proved  to  be  a 
rapid  and  sensitive  screening  technique  to  identify  patients  with  NFl  deletions.  This  assay 
predicted  that  6  patients  were  monosomic  at  the  NFl  exon  32  locus  (Table  1,  Figure  5).  These 
predictions  were  confirmed  by  FISH  and  somatic  cell  hybrid  analyses,  which  mapped  the 
microdeletions  at  about  1 .5-2  Mb  that  spanned  an  NFl  allele  (Figure  5).  Twenty-one  of  the 
patients  screened  were  patently  disomic  at  NFl  exon  32  (Table  1).  The  possibility  that  these 
patients  are  deleted  for  NFl  sequences  other  than  exon  32  cannot  be  excluded.  The  NFl 
zygosity  for  the  remaining  3  patients  was  classified  as  "intermediate"  because  of  NFl  dosage 
values  of  0.67, 0.805,  and  0.785.  Two  of  these  patients  may  be  disomic  at  NF1\  their  values  are 
slightly  less  than  the  lower  end  of  the  disomic  gene  distribution  of  0.82.  Alternatively,  all  3 
"intermediate"  dosage  patients,  particularly  the  one  with  a  dosage  of  0.67,  may  be  mosaic  for  an 
NFl  deletion.  Mosaicism  for  large  NFl  deletions  has  been  ref>orted  previously  [Colman,  1996 
#30;  Ainsworth,  1997  #345]. 

Remarkably,  physical  m^jping  revealed  that  the  six  NFl  microdeletion  patients  appeared 
to  carry  similar,  if  not  identical,  NFl  deleted  alleles.  The  centromeric  and  telomeric  deletion 
breakpoints  mapped  to  common  marker  intervals,  which  were  designated  as  the  breakpoint 
cluster  regions  caiBCR  and  telBCR  (Figure  5).  The  physical  length  of  either  BCR  is  imknown; 
although  D17S1800  and  D17S798  that  flank  the  telBCR  are  tightly  linked  loci  without 
intervening  recombination  events.  The  similarity  of  the  breakpoints  awaits  their  cloning  and 
sequencing.  However,  these  data  suggest  that  the  cenBCR  and  telBCR  may  harbor 
recombination-prone  sequences.  Homologous  recombination  between  flanking  low  copy 
number  repeat  sequences  are  responsible  for  the  dystrophin  deletion  hotspot,  the  Smith-Magenis 


syndrome  microdeletion,  and  the  reciprocal  deletion  and  duplication  events  that  causes 
hereditary  neuropathy  with  liability  to  pressure  palsies  or  Charcot-Marie-Tooth  disease  type  1  A, 
respectively  (Chance  et  al.  1994;  Chen  et  al.  1997;  Pizzuti  et  al.  1992).  In  the  latter  example,  the 
1 .5  Mb  rearrangements  result  from  recombination  between  flanking  24  kb  CMTl  A-REP 
sequences.  Within  the  CMTl  A-REP,  about  75%  of  the  deletion  breakpoints  map  to  a  456  bp 
region  near  a  mariner  transposon-like  element,  which  is  postulated  as  the  site  of  a  double  strand 
break  that  initiates  the  recombination  event  (Reiter  et  al.  1998;  Reiter  et  al.  1996).  Alternatively, 
the  BCRs  may  reflect  the  inactivation  of  a  gene  or  the  creation  a  novel  gene  fusion,  which 
contributes  to  the  phenotype  of  the  NFl  microdeletion  patients. 

Because  the  patients  screened  were  selected  by  phenotype,  it  is  not  unexpected  that  the 
clinical  findings  of  the  6  NFl  microdeletion  patients  were  similar  to  those  described  in  our 
previous  microdeletion  patients  (Kayes  et  al.  1994;  Kayes  et  al.  1992;  Leppig  et  al.  1997;  Leppig 
et  al.  1996).  All  6  fulfilled  the  NFl  diagnostic  criteria,  had  abnormal  facial  features,  and  no 
prior  family  histories  of  NFl  (Table  1 ;  Materials  and  Methods).  The  faces  of  the  6  NFl 
microdeletion  patients  were  generally  described  as  coarse  and/or  resembling  the  face  of  patients 
with  Noonan  syndrome  (Allanson  1987).  Features  which  together  gave  the  gestalt  of  the 
Noonan  syndrome  facies  included  telecanthus,  ptosis,  broad  nasal  bridge,  and  downslanting 
palpebral  fissures.  Facial  photographs  of  subjects  UWA 167-1  and  UWA  183-1  in  Figure  6  show 
a  striking  similarity  to  photographs  of  other  microdeletion  patients  (Kayes  et  al.  1994;  Leppig  et 
al.  1997).  Like  previous /VF7  microdeletion  patients,  subjects  UWA167-1  andlJWA184-l 
developed  multiple  cutaneous  neurofibromas  before  age  10,  while  UWA183-1  developed 
multiple  tumors  between  the  ages  of  6  and  12.5  years.  The  additional  manifestations  of 
abnormal  CNS  findings,  pulmonary  stenosis,  and  atrial  septal  defect  observed  in  3  of  the  deleted 


patients  in  this  study  have  also  been  observed  in  some  of  our  previously  described  microdeletion 
patients.  Of  particular  note,  patient  UWAl  76-1  is  the  second  NFl  microdeletion  patient  that 
also  had  Madelung  deformity  (Leppig  et  al.  1996).  To  date,  there  is  no  correlation  between 
extent  of  the  deletion  and  any  of  these  additional  findings. 

NFl  gene  dosage  assays  will  facilitate  a  number  of  critically  important  studies.  First, 
screening  patients  regardless  of  phenotype  will  permit  a  direct  test  of  our  hypothesis  that 
deletion  of  a  contiguous  gene,  rather  than  simply  the  NFl  gene  itself,  causes  premature  onset  of 
dermal  neurofibromas.  Second,  a  cohort  of  microdeletion  patients  will  be  identified  for  a 
prospective  study  of  the  frequaicy  of  malignancies.  Third,  the  ability  to  screen  all  NFl  patients 
regardless  of  phenotypic  features  will  determine  the  spectrum  and  frequency  of  clinical  findings 
associated  with  NFl  microdeletions.  Fourth,  the  identification  and  mapping  of  additional 
microdeleted  patients  will  address  the  biological  importance  of  the  BCRs. 

PCR-based  gene  dosage  assays  wotdd  provide  a  powerful  strategy  define 
phenotype/genotype  correlations  of  any  contiguous  gene  deletion  syndrome.  The  choice  of  the 
primers  for  amplification  of  a  target  locus  is  restricted  only  by  the  requirements  that  they 
amplify  a  unique  genomic  sequence  and  are  not  positioned  over  known,  or  suspected, 
polymorphic  sites  that  could  affect  annealing  and  amplification  efficiency.  In  our  assay, 
sequence  polymorphism  did  not  appear  to  be  an  issue;  both  the  NFl  and  APP  primer  pairs 
amplified  DNA  fix>m  all  the  individuals  efficiently.  In  theory,  monitoring  ratios  of  genomic 
DNA  to  I.S.  could  identify  abnormal  results  from  changes  in  amplification  efficiency  due  to  a 
DNA  polymorphism  and/or  from  genomic  deletion  of  the  disomic  control  gene  in  particular 
patients.  The  power  of  gene  dosage  analyses  is  illustrated  in  the  following  NFl  microdeletion 
example.  Development  of  additional  assays  for  specific  S'  and  3’  NFl  sequences,  in  addition  to 


the  exon  32  assay  described  here,  could  rapidly  categorize  NFl  patients  as  (1)  non-del eted,  (2) 
deleted  for  5’  NFl  sequences  and  possibly  novel  genes  centromeric  to  NFJ,  3)  deleted  for  an 
intragenic  NFl  region  involving  at  least  exon  32  but  not  contiguous  genes,  4)  deleted  for  3’ 

NFJ  sequences,  and  possibly  novel  genes  telomeric  to  NFJ,  or  (5)  deleted  for  the  entire  NFJ 
gene  and  5'  and  3'  contiguous  sequences.  Such  a  coarse  screening  would  identify  the 
chromosomal  regions  deleted,  estimate  deletion  frequency,  permit  an  initial  assessment  of 
possible  genotype/phenotype  correlations,  and  identify  the  most  informative  patients  for  further 
analyses.  Deletion  mapping  at  a  finer  level  could  be  accomplished  by  a  second  series  of  gene 
dosage  assays  for  critical  loci.  Such  a  mapping  ^jproach  would  be  rapid,  sensitive,  efficient, 
widely  applicable  to  any  microdeletion  syndrome  and  require  only  genomic  DNA  of  the  patients. 
As  an  automated  alternative  to  the  assay  described  here,  kinetic  PCR  analysis  monitoring  real¬ 
time  DNA  amplification  reactions  is  now  available  (Heid  et  al.  1996). 
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Appendix 


Theory  of  the  method.  The  theoretical  aspect  of  gene  dosage  PCR  is  explored  briefly.  In  this 
method,  two  alternative  strategies  of  quantitative  PCR,  competitive  PCR  and  reference  gene,  are 
used  in  combination  (Celi  et  al.  1994).  Although  the  method  may  be  justified  intuitively,  the 
experimental  conditions  must  be  elucidated  under  which  the  method  is  valid.  In  general,  the 
exponential  phase  of  the  PCR  process  is  expressed  by  the  following  equation. 

N„  =  No(l+E)°  (1) 

Efficiency  of  amplifications  is  denoted  by  E,  where  0  <  E  >  1.  No  and  N„  denote  the  number 
of  molecules  before  amplification  and  after  n  cycles.  For  the  genomic  and  internal  standard,  the 
amplification  process  is  described  by; 


(Nt.g)„  =  (Nt.g)o(l+E)" 

(2) 

(Nt.s)„  =  (Nt.s)o(l+E)“ 

(3) 

Where  (Nt.g)o  and  (Nt.g)n  are  the  number  of  genomic  target  molecules  before  amplification  and 
after  n  cycles,  respectively.  Likewise,  (Nt.s)o  and  (Nt.s)n  are  the  number  of  internal  standard 
molecules  for  the  target  gene  before  amplification  and  after  n  cycles. 

If  it  is  assumed  that  E  is  the  same  for  the  internal  standard  and  genomic  target  gene, 
(Nt.g)o  /  (Nt.s)o  =  (Nt.g)„  /  (Nt.s)„  (4) 

Since  (Nt.s)o  is  known  and,  (Nt.g)„  n  and  (Nt.s)„  are  obtained  fi’om  the  experiment, 

(Nt.g)o  =  (Nt.s)o  *  (Nt.gX  /  (Nt.s)„  (5) 

For  both  the  target  and  reference  genes, 

(Nref.g)o  /  (Nref.s)o  =  (Nref-g)n  /  (Nref.  s)„  (6) 


(Nt.g)o/(Nt.s)o  =  (Nt.g)„  /(NtsX. 


(7) 


Where  (Nref.g)o  and  (Nref.s)o  denote  the  initial  niunber  of  reference  gene  molecules  and  internal 
standard  for  refoence  gene,  and  (Nref.g^  and  (Nref  s)„  denote  the  number  of  genomic  and 
internal  standard  molecules  for  the  reference  gene  after  n  cycles.  Likewise,  (Nt.g)o  and  (Nt.s)o 
denote  the  number  of  genomic  and  internal  standard  molecules  for  the  target  gene  before 
amplification  whereas  (Nt.g)n  and  (Nt.s)„  indicate  nximber  of  genomic  and  internal  standard 
molecules  for  the  target  gene  after  n  cycles. 

If  the  same  amounts  of  two  internal  standards  are  used,  (Nref  s)0  =  (Nt.s)O.  Therefore, 
(Nref  g)o  *  (Nref  s)„  /  (Nref  g)„  =  (Nt.g)o  ♦  (Nt.s)„  /  (Nt.g)„  (8) 

(Nt.g)o  /  (Nref  g)o  =  ((Nt.g)„  /  (Nt.s)„ )  /  ((Nref  g)„  /  (Nref  s)„  (9) 

Because  a  normal  individual  has  two  copies  of  both  the  NFl  and  APP  genes,  the  ratio 
((Nt.g)o  /  (Nref.g)o)  is  expected  to  be  unity.  For  individuals  hemizygous  for  NFl,  it  is  expected 
to  be  0.5.  In  this  model,  the  amplification  process  has  to  be  stopped  at  the  exponential  phase 
before  the  plateau  is  reached  because  it  is  essential  that  the  ratio  of  target  {NFl)  to  reference 
gene  {APP)  remains  constant.  Moreover,  the  efficiency  of  replication,  E,  is  the  same  for  both 
the  genomic  gene  targets  and  their  respective  internal  standards  though  it  does  not  have  to  be  the 
same  for  the  target  and  reference  gates.  It  is  also  essential  that  an  equal  molar  quantity  of  both 
internal  standards  are  used  in  the  reaction;  the  absolute  quantity  of  genomic  DNA  or  internal 


standards  is  not  critical. 


FIGURE  LEGENDS 


Figure  1 .  Example  of  the  NFl  gene  dosage  PCR  assay.  The  four  products  of  the  assay  are  3 10 
bp  NFl  and  232  bp  APP  fragments  amplified  from  the  subject’s  genomic  DNA  and  290  and  212 
bp  fragments  amplified  from  the  internal  standard  (I.S.)  sequences  in  plasmids  pKM204  and 
pKM201,  which  were  spiked  into  the  reaction.  An  autoradiograph  is  shown  for  illustration 
purposes  only,  products  were  quantitated  by  phosphorimage  analysis.  The  ratio  of  genomic  to 
I.S.  product  for  each  gene  (boxed  values)  and  the  NFl  gene  dosage  (bold  value),  which  is  the 
quotient  of  the  ratio  of  NFl  products  over  the  ratio  of  APP  products  (Celi  et  al.  1994),  were 
calculated. 

Figure  2.  Effect  of  cycle  number  on  the  reaction  kinetics  of  gene  dosage  PCR.  Products  from 
amplification  of  NFl  sequences  (A)  and  APP  sequences  (B).  Products  amplified  from  genomic 
DNA  (closed  triangle),  products  amplified  from  I.S.  plasmids  (open  boxes).  Results  of  replicate 
experiments  are  graphed.  Thirty-three  identical  reaction  tubes  were  prepared  and,  beginning 
with  cycle  18,  three  tubes  were  sampled  and  their  reactions  terminated  at  the  end  of  each 
subsequent  cycle.  Products  were  resolved  by  electrophoresis  and  quantitated. 

Figure  3.  Effect  of  cycle  number  on  amplification  of  genomic  and  internal  standard  sequences. 
(A)  the  ratio  of  NFl  products  amplified  from  genomic  sequences  to  internal  standard  sequences 
(I.S),  (B)  the  ratio  of  APP  products  amplified  from  genomic  sequences  to  internal  standard 
sequences,  (C)  the  NFl  gene  dosage.  Data  are  from  the  same  experiment  depicted  in  Figure  2. 


Figure  4.  Distinct  distributions  of  gene  dosage  values  of  NFl  disomic  and  monosomic  control 
subjects.  Genomic  DNA  from  21  unaffected  individuals  (presiuned  disomic  at  NFl)  and  from 
1 1  individuals  monosomic  for  NFl  were  assayed  as  described  in  Materials  and  Methods. 
Although  duplicate  reactions  were  carried  out  for  all  samples,  Figure  3  shows  one  randomly 
selected  outcome  per  subject.  Box  plot  indicators  are:  arithmetic  mean  (closed  square),  median 
(50%;  horizontal  line  bisecting  open  box),  upper  and  lower  quartile  (75%  and  25%;  top  and 
bottom  boundaries  of  open  box,  respectively),  upper  and  lower  decile  (90%  and  10%;  upper  and 
lower  limits  of  vertical  line);  outlying  data  points  (dots  extending  from  vertical  line). 

Figure  5.  NFl  microdeletions  identified  by  the  gene  dosage  assay.  The  top  line  is  a  non-scaled 
schematic  of  loci  in  the  chromosome  17  NFl  region;  the  relative  positions  of  D17S795  and 
CRYBl  are  unknown.  Estimates  of  physical  distances  include  the  YAC  contig  at  700  kb 
(Marchuk  et  al.  1992)  and  the  location  of  UT172,  estimated  at  about  1.5  Mb  centromeric  to  NFl 
(Shannon  et  al.  1994).  A  schematic  of  the  deleted  chromosome  17  homolog  is  shown  for  each 
patient.  Thin  lines  are  deleted  regions,  thick  lines  are  not  deleted,  and  vertical  marks  indicate  the 
loci  assayed  by  PCR  amplification  of  somatic  hybrid  cell  lines  carrying  the  single  deleted 
chromosome  17  homolog.  Data  showing  the  presence  of  all  loci  in  the  hybrid  line  carrying  the 
undeleted  chromosome  17  for  each  patient  are  not  shown.  NFl  exon  32  was  assayed  by  the  gene 
dosage  assay.  PI -9,  a  65  kb  probe  spanning  NFl  exons  2-1 1  assayed  by  FISH  was  deleted  in  all 
patients  (data  not  shown). 

Figxire  6.  The  phenotype  of  young  AF7  microdeletion  patients.  Patient  UWA167-1  is  shown  in 
(A)  at  10  months  and  (B)  at  20  months  of  age.  Patient  UWA183-1  is  shown  in  (C)  at  20  months 


and  in  (D,E)  at  12.5  years  of  age. 
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Introduction 

Somatic  inactivation  of  tumor  suppressor  gen^  is  a  fundamental  mechanism  of 
tumorigenesis.  Somatic  inactivating  mutations  commonly  result  in  loss  of  constitutional 
heterozygosity  (LOH)  at  multiple  contiguous  loci.  Therefore,  mapping  chromosomal  regions 
that  show  LOH  is  a  powerful  strategy  to  identify  genes  with  tumor  suppressor  activity  and  to 
unravel  the  molecular  mechanisms  underlying  somatic  gene  inactivation  (reviewed  in' '3).  This 
strategy  has  been  applied  to  the  analysis  of  a  variety  of  tumors  from  patients  with 
neurofibromatosis  type  1  (NFl),  an  autosomal  dominant  tumor-susceptibility  disorder  affecting 
about  1  in  3500  individuals.  LOH  at  NFl,  along  numerous  flanking  chromosome  17  loci,  has 
been  detected  in  benign  neurofibromas,  which  develop  in  virtually  all  affected  subjects,  and  in 
pheochromocytomas,  neurofibrosarcomas,  pilocytic  astrocytomas,  and  childhood  myeloid 
leukemias,  which  are  less  common  NFl -associated  tumors  Although  multiple  loci  showed 

LOH,  genetic  and  biochemical  evidence  strongly  suggest  that  a  critical  event  in  development  of 
these  tumors  is  LOH  specifically  at  NFl  leading  to  inactivated  neurofibromin  protein  product. 
Tumors  from  patients  who  had  inherited  an  inactive  NFl  allele  from  an  affected  parent  showed 
loss  of  the  remaining  normal  NFl  allele  inherited  from  their  other  unaffected  parent  (REFS). 
LOH  typically  did  not  occur  at  the  TPS  3  tumor  suppressor  locus  on  the  short  arm  of 
chromosome  1 7  implying  that  changes  in  TP53  expression  play  little,  if  any,  role  in  development 
of  at  least  some  NFl -associated  tumors.  The  identification  of  discrete  intragenic  NFl-  somatic 
mutations  in  some  primaiy  tumors  provided  compelling  evidence  that  functional  inactivation  of 
NFl  was  sufficient  for  tumor  development.  ^•'3. 

The  identification  of  patients  with  germline  NFl  microdeletions  demonstrated  that  the 
increased  risk  of  developing  tumors,  and  the  additional  manifestations  of  pigmentary  and  bony 
abnormalities  and  learning  disabilities,  is  due  to  neurofibromin  haploinsufficiency  (reviewed  in 
14, 15 16, 17  jtig  majority  (-70%)  of  NFl  patients  have  inactivating  mutations  that  predict 
premature  transcription  termination  of  neurofibromin  An  internal  domain  of 

neurofibromin  has  sequence  and  functional  homology  with  the  catalytic  domains  of  yeast  IRA 
and  mammalian  pi  20  GAP,  which  are  negative  regulators  of  Ras  proteins^".  2i .  The  GAP  (GTP- 
ase  activating  protein)  domain  of  neurofibromin  bound  to  and  negatively  regulated  p21  Ras  by 
accelerating  the  conversion  of  active  GTP-Ras  to  inactive  GDP-Ras^^.  23  These  data  implied 
that  functional  inactivation  of  neurofibromin  could  deregulate  Ras  in  a  progenitor  cell,  thereby 
perturbing  signal  transduction,  the  cell  cycle,  and  proliferation^'^  tuclude  fat  <tevie».  The 
strongest  data  in  support  of  this  hypothesis  is  from  genetic  and  biochemical  analyses  of 
malignant  myeloid  disorders  (reviewed  in  ref  -5).  Children  with  NFl ,  but  not  adults,  are  at  an 
estimated  200-500  increased  risk  for  these  disorders,  which  include  juvenile  myelomonocytic 
leiikemia  (JMML),  monosomy  7  syndrome  (Mo7),  and  acute  myeloid  leukemia  (AML)^>  ^6. 
Primary  leukemic  cells  from  NFl  children  showed  a  selective  decrease  of  neurofibromin-like 
GAP  activity  for  Ras,  an  increased  percentage  of  activated  GTP-Ras,  and  abnormal  proliferative 
activity  upon  exposure  to  low  concentrations  of  GM-CSF^^.  Similarly,  neurofibromin-deficient 
myeloid  progenitors,  isolated  from  livers  of  Nfl  knockout  mice  prior  to  embryonic  death, 
showed  proliferative  changes  in  colony  growth  upon  cytokine  stimulation  and  caused  a  chronic 
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myeloproliferative  syndrome  when  transplanted  into  irradiated  recipient  mice^^'-^.  The 
constitutive  activation  of  the  Ras-dependent  mitogen-activated  protein  kinase  signaling  pathway 
in /Vf/"/"  hematopoietic  cells  from  mice,  which  is  further  stimulated  by  cytokines,  suggests  a 
possible  mechanism  for  the  pathogenesis  of  myeloid  leukemia  in  NFl  children^*. 

Previously,  we  proposed  that  haploinsufficiency  for  a  gene  contiguous  with  NFl  was 
responsible  for  the  early  onset  and  increased  burden  of  neurofibromas  observed  in  patients  with 
germline  NFl  microdeletions In  the  present  study,  we  sought  to  determine  if  LOH  in 
leukemic  cells  of  NFl  children  was  due  to  a  somatic  NFl  microdeletion  that  involved  similar 
sequences.  Instead,  we  found  that  a  predominant  mechanism  of  LOH  was  double  mitotic 
recombination  at  clustered  breakpoints.  This  rearrangement  led  to  interstitial  isodisomy  for  a 
large  segment  of  chromosome  17  harboring  the  inactivated  NFl  allele.  Although  this  is  the  first 
report  of  interstitial  isodisomy  as  a  mechanism  of  somatic  inactivation  of  a  tumor  suppressor 
gene,  it  may  have  gone  unrecognized  in  many  previous  LOH  studies. 

RESULTS 

Delineation  of  a  Large  Region  of  LOH  in  an  NFl-Associated  Leukemia 

In  a  previous  study,  genetic  analysis  of  JMML  bone  marrow  samples  from  children  with  NFl 
revealed  LOH  at  NFl  in  the  CD34^  subpopulation  of  immature  myeloid  cells  In  contrast, 
lymphoblasts  from  these  patients  typically  retained  both  NFl  alleles  in  lymphoblastoid  cell  lines 
immortalized  by  Epstein-Barr  virus  A  single  exception  was  foxmd  in  a  9  month  old  boy  with 
sporadic  NFl  and  an  unusual  myeloproliferative  syndrome  (Table  1 ,  patient  no.  1 ),  whose 
imfractionated  bone  marrow  and  immortalized  lymphoblastoid  cells  both  showed  loss  of  the 
maternal  NFl  allele  ^0-  Therefore,  this  malignant  clone  was  derived  from  a  progenitor  cell 
capable  of  producing  both  myeloid  and  lymphoid  cells.  While  normal  Ixmg  tissue  showed  both 
maternal  and  paternal  NFl  alleles  (Figure  5  in  ^),  primary  tumor  tissue  showed  LOH  for  the 
maternal  allele  and  an  R1276X  mutation  in  the  paternal  allele  that  predicted  a  truncated,  inactive 
neurofibromin  ^4.  in  addition,  leukemic  cells  of  patient  no.  1  retained  both  parental  copies  of 
the  TP53  tumor  suppressor  gene  at  chromosome  17pl3.1(ref.  Together,  these  data  were 

consistent  with  patient  no.  1  carrying  a  germline  R1 726X  mutation  in  the  paternal  allele  and  a 
normal  maternal  NFl  allele,  which  was  subsequently  lost  in  the  tumor  tissue. 

The  patient's  bone  marrow  was  examined  to  determine  if  other  chromosome  1 7  loci  also 
showed  LOH.  Genotypic  analysis  revealed  that  multiple  loci  in  an  interstitial  region  of  the  q 
arm  showed  LOH  for  maternally-derived  alleles  (Figures  1 ,2).  The  length  of  the  LOH  region 
was  estimated  at  76  cM  on  a  sex-averaged  genetic  map  and  approximately  46-54  Mb  on  the 
chromosome  1 7  physical  map  (see  Methods).  LOH  of  this  region  was  not  due  to  an  interstitial 
deletion;  cytogenetic  analyses  of  unstimulated  bone  marrow  and  immortalized  lymphoblasts 
revealed  two  normal  chromosome  1 7s  (data  not  shown). 

LOH  is  the  result  of  interstitial  isodisomy  in  patient  no.  1 

To  determine  if  the  patient's  leukemic  cells  had  one  or  two  NFl  alleles,  FISH  was  performed 
with  the  NFl  PI -12  probe.  NFl  hybridization  signals  were  detected  on  both  chromosome  17 
homologs  (Figure  3A).  This  data,  along  with  the  LOH  analyses  and  normal  karyotype,  indicated 
that  the  maternal  homolog  of  chromosome  17  was  comprised  of  a  p  arm,  centromere,  q  proximal 
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segment,  and  a  short  q  subterminal  segment  all  of  maternal  origin  (Figure  2,  patient  no.  1 ,  open 
bar).  The  interstitial  q  arm,  however,  was  paternally-derived  and  carried  the  R1276X  NFl 
mutation  (Figure  2,  patient  no.  1 ,  closed  bar).  The  leukemic  clone,  therefore,  had  a  normal 
paternal  chromosome  17  homolog  and  a  recombinant  maternal  homolog,  resulting  in  interstitial 
paternal  isodisomy  for  a  50  Mb  region  (Figure  4A).  The  leukemic  cells  were  homozygous  not 
only  for  the  NFl  R1276X  allele,  but  also  for  all  genes  and  sequences  located  in  the  isodisomic 
region. 

NFl  Gene  Copy  Number  in  Other  Leukemias  of  NFl  Children 

To  determine  if  LOH  resulted  from  interstitial  isodisomy  of  chromosome  17  in  other  cases, 
bone  marrows  were  obtained  from  additional  NFl  children  whose  leukemias  showed  LOH  at 
NFl.  To  determine  if  any  of  these  samples  were  disomic  for  NFl,  we  utilized  an  NFl  gene 
dosage  PCR  assay.  Because  this  assay  was  originally  developed  by  us  for  copy  number 
determination  in  normal  tissues  (Maruyama  et  al.,  submitted),  we  first  confirmed  that  it 
accurately  measured  NFl  gene  dosage  in  both  normal  and  malignant  tissues  of  patient  1  and  his 
parents.  In  2  independent  experiments,  an  NFl  gene  segment  amplified  from  peripheral  blood 
DNA  of  the  unaffected  parents  and  from  bone  marrow  and  immortalized  lymphoblastoid  cell 
DNA  of  patient  1  gave  scores  ranging  from  0.91-1 .08  (Table  2,  patient  no.  1).  These  values 
predicted  that  all  samples  were  disomic  at  A/F7(see  Methods;  which  was  consistent  with  the 
previous  FISH  and  genotypic  studies  for  this  family. 

Because  this  assay  gave  die  expected  results  in  test  tissues,  it  was  used  to  assay  bone  marrow 
DNA  samples  from  additional  children  with  malignant  myeloid  disorders  with  LOH  at  NFl.  As 
shown  in  Table  2,  leukemic  cells  from  8  patients  had  gene  dosage  values  consistent  with  NFl 
disomy,  while  the  leukemias  from  the  3  remaining  patients  had  values  consistent  ivith  NFl 
monosomy.  These  data  demonstrated  that  8  out  of  1 1  leukemias  showed  both  LOH  and  disomy 
at  NFl  indicating  that  parental  isodisomy  was  a  predominant  feature  of  malignant  myeloid  cells 
with/VF7  LOH. 

FISH  of  Leukemic  Cells  Confirms  NFl  Copy  Number 

Because  the  NFl  gene  dosage  assay  was  validated  using  peripheral  blood  from  nonleukemic 
subjects,  FISH  was  performed  to  confirm  the  results  obtained  with  leukemic  cells. 
Cryopreserved  bone  marrow  specimens  were  available  from  5  of  the  children  studied.  In  each 
case,  FISH  with  an  NFl  probe  confirmed  the  gene  copy  number  as  predicted  by  the  NFl  gene 
dosage  assay.  These  cases  included  4  with  LOH  at  NFl  in  conjimction  with  NFl  disomy 
(patients  no.  2,3 ,5 ,6  in  Tables  land  2)  and  1  case  with  LOH  at  NFl  and  NFl  monosomy  (patient 
no.  11).  With  the  exception  of  patient  1 1 ,  the  percentages  of  cells  with  two  signals  for  the 
chromosome  1 7-specific  centromeric  probe  Cep®  1 7  and  the  NFl  probes  were  comparable  to 
those  observed  for  the  P263P1  control  probe,  which  was  co-hybridized  with  the  NFl  probes. 
Consistent  with  the  prediction  of  NFl  monosomy  for  patient  1 1 ,  we  observed  a  population  of 
cells  with  only  one  NFl  signal  (29%),  but  two  signals  for  both  the  control  probes  Cep®  17  and 
P263P1(95%  and  97%,  respectively).  The  leukemia  cells  also  had  two  signals  for  the 
chromosome  1 7  centromere-specific  probe  (95%).  Control  samples,  including  leukemic  cells 
from  4  children  with  NFl  that  retained  heterozygosity  at  NFl  and  a  bone  marrow  sample  from  a 
patient  with  AML  in  complete  remission,  were  disomic  at  the  NFl  locus  as  expected. 
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To  confirm  that  the  cells  being  examined  represented  the  malignant  clone,  a  chromosome  7- 
specific  probe  (Cep®7)  was  hybridized  to  bone  marrow  cells  of  patient  no.  3,  who  had 
monosomy  7  syndrome,  LOH  at  NFl,  a  gene  dosage  score  of  0.93,  and  2  NFl  alleles  by  FISH 
(Tables  2,3).  As  expected,  FISH  revealed  one  copy  of  chromosome  7  in  cells  that  had  2  signals 
with  the  NFl  probes  (Table  2;  Figure  3B). 

Clustering  of  LOH  genetic  breakpoints 

In  addition  to  patient  no.  1,  DNA  was  available  from  primary  leukemic  cells  of  9  patients  to 
map  the  extent  of  chromosome  1 7  LOH.  As  depicted  in  Figure  2,  the  patient  bone  marrow 
constituted  two  distinct  subsets.  One  was  comprised  of  8  cases  with  large  LOH  regions,  while 
the  second  subset  consisted  of  2  cases  with  restricted  LOH  regions.  The  maximum  estimated 
sex-averaged  genetic  length  of  the  large  LOH  region  from  D1 7S959  to  D1 7S928  was  89  cM 
(Figure  2).  The  smaller,  restricted  LOH  regions  had  a  maximum  length  of  22  cM,  as  estimated 
from  D17S1294  to  D17S250. 

The  q  terminal  marker,  D1 7S928,  was  informative  and  retained  heterozygosity  in  four  of  the 
cases  with  large  LOH  regions  (Figure  2,  patients  no.  1-3,  6).  This  data,  along  with  the  NFl  gene 
copy  number  analyses  and  normal  karyotype  of  bone  marrow  cells,  provided  compelling 
evidence  that  the  leukemic  cells  had  interstitial  isodisomy  for  an  ~  50  Mb  region  of  chromosome 
17,  as  depicted  in  Figure  3 A.  The  isodisomic  regions  in  the  additional  4  cases  (patients  no.  4, 5, 
7,  8)  were  of  similar  size  and  extent,  but  because  D17S928  was  uninformative,  it  is  not  known  if 
they  were  interstitial  in  nature. 

Among  the  8  isodisomic  cases,  both  the  proximal  and  distal  LOH  breakpoints  were  clustered 
(Figure  2).  The  centromeric  breakpoint  in  all  cases  mapped  to  a  maximum  interval  bounded  by 
D17S959  and  D17S975/D17S1294,  a  distance  estimated  at  2.7  cM.  All  distal  breakpoints 
mapped  near  the  telomere.  The  leukemic  cells  of  patients  no.  1-3  and  6  with  interstitial 
isodisomy,  had  telomeric  breakpoints  between  D1 7S1 822/Dl  7S1 830  and  D1 7S928,  a  distance 
of  about  9.6  cM.  The  distal  breakpoints  of  the  remaining  4  patients  mapped  telomeric  to 
D1 7S 1 822/Dl  7S 1 830,  but  were  not  localized  to  a  specific  interval. 

The  2  cases  with  restricted  LOH  regions,  patients  no.  9  and  1 1  (Figure  2)  also  had 
breakpoints  mapping  within  the  same  intervals.  The  centromeric  breakpoints  between 
D17S1294  and  NFl  intron  38,  while  the  telomeric  breakpoints  were  localized  between 
D1 7S 1 800  and  D1 7S250.  The  size  of  the  centromeric  interval  was  less  than  1 1 .7  cM,  the  sex- 
averaged  genetic  distance  from  D17S1294  to  D17S1800.  The  telomeric  breakpoint  interval  was 
from  D1 7S1 800  to  D1 7S250  is  22  cM  in  length.  The  restricted  LOH  region  in  these  2  cases 
apparently  arose  by  interstitial  deletion  of  the  normal  NFl  allele  because  the  leukemic  cells  were 
monosomic  for  NFl  (Tables  1  and  2,  Figure  3A). 

Parental  origin  of  LOH  regions 

Leukemic  cells  of  patients  no.  1  -3,  and  8  were  isodisomic  for  paternally-derived  sequences, 
while  the  tumor  cells  of  patients  4-7  were  isodisomic  for  maternally-derived  sequences  of  the 
same  regions  (Figure  2,  Figme  4 A).  In  each  patient  with  familial  NFl ,  the  region  of  isodisomy 
was  derived  from  the  affected  parent.  Patients  no.  2  and  8,  who  inherited  a  defective  NFl  allele 
from  their  fathers  (Table  1 ),  had  leukemic  cells  that  were  isodisomic  for  sequences  of  paternal 
origin  and  had  lost  the  normal  maternal  NFl  allele.  Similarly,  patients  no.  4  -7,  who  inherited  a 
maternally-derived  mutant  NFl  allele  (Table  1),  showed  maternal  isodisomic  regions  in  their 
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bone  marrows  and  had  lost  the  normal  paternal  NFl  allele.  The  tumor  of  patient  no.  1  was 
shown  to  have  an  R1 726X  inactivating  mutation  in  the  paternal  NFl  allele  and  loss  of  the 
normal  maternal  allele^-.  Therefore,  each  of  the  tumors  had  lost  the  normal  NFl  allele  and 
instead  carried  2  copies  of  the  dysfunctional  NFl  allele.  The  leukemic  cells  of  patients  no.  9  and 
1 1  that  had  undergone  interstitial  deletion  had  a  related  pattern.  The  normal  NFl  allele  was  lost 
and  one  copy  of  the  dysfunctional  NFl  allele  was  retained,  which  in  these  2  cases  was  derived 
from  either  parent  (Table  1,  Figure  2,  Figure  4 A). 
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DISCUSSION 


The  patterns  of  LOH  at  chromosome  17  loci  were  analyzed  to  gain  insight  into  the 
mechanisms  leading  to  allelic  loss  of  NFl  in  primary  leukemia  cells  of  NFl  children.  Analysis 
of  bone  marrows  from  1 1  unselected  cases  showed  that  LOH  occmred  by  two  distinct 
mechanisms,  each  of  which  resulted  in  loss  of  the  normal  NFl  allele.  Three  tumors  (30%)  had 
interstitial  microdeletions  between  D17S1294  and  D1 7S250,  an  estimated  distance  of  22  cM  or 
1 7  Mb  that  spaimed  the  normal  NFl  gene  at  chromosome  1 7ql  1 .2  (Figures  2, 4A,  Table  1 ).  The 
remaining  8  cases  (70%)  resulted  from  isodisomy  for  a  50  Mb  chromosomal  segment  harboring 
a  defective  NFl  allele.  In  at  least  4  of  these  cases,  the  isodisomic  segment  was  interstitial  to  the 
chromosome  17q  arm  (Figures  2,3)  and  estimated  to  be  55  Mb  in  length  (distance  from 
D17S1878  to  D17S1822/D17S1830;  see  Methods). 

Although  somatic  isodisomy  of  varying  extent  commonly  leads  to  LOH  in  tumors,  we 
believe  this  is  the  first  report  of  interstitial  isodisomy.  Isodisomy  for  an  entire  chromosome  has 
been  observed  in  retinoblastomas  and  many  other  tumor  types  (Table  3  and  references  therein). 
The  underlying  mechaiusm  is  attributed  to  chromosomal  nondisjxmction  with  reduplication  (or 
duplication  followed  by  nondisjunction),  which  results  in  homozygosity  at  all  loci  along  the 
length  of  the  chromosome.  Partial  isodisomy  for  a  chromosomal  arm  has  also  been  detected  in 
many  tumors,  presumably  due  to  a  single  mitotic  recombination.  This  results  in  homozygosity 
at  all  loci  between  the  site  of  recombination  and  the  telomere.  Somatic  mosaicism  for  isodisomy 
of  chromosome  lip,  apparently  the  result  of  mitotic  recombination  early  in  development,  has 
been  detected  in  patients  with  Beckwith- Wiedemann  syndrome,  a  disorder  of  the  overgrowth, 
cancer  predisposition^^.  In  addition  to  somatic  isodisomy,  presumed  germline  rearrangements 
leading  to  constitutive  uniparental  isodisomy  for  an  entire  chromosome  have  been  reported 
(reviewed  in  3^).  We  are  not,  however,  aware  of  any  reports  of  germline  interstitial  isodisomy. 

Although  our  sample  size  was  small,  the  detection  of  only  two  mechanisms  of  LOH  at  NFl 
with  clustered  breakpoints,  was  unexpected.  Using  the  paradigm  of  the  Rbl  tumor  suppressor, 
somatic  inactivation  occurs  by  any  one  of  numerous  rearrangements  and  mutational  events, 
without  evidence  of  breakpoint  clustering.  Examples  of  RBI  inactivation  in  retinoblastomas 
include  every  mechanism  listed  in  Table  1,  with  the  exceptions  of  double  mitotic  recombination 
and  illegitimate  V(D)J  recombination(reviewed  in  W  ometien.  Uuen,  nemem).  Due  to  tissue- 
restricted  expression  of  V(D)J  recombinase,  the  later  mechanism  would  not  be  expected  in  most 
tumor  types.  These  data  provide  compelling  evidence  that  the  critical  genetic  alteration  in 
retinoblastomas  is  the  functional  inactivation  of  Rbl  and  that  the  mechanism  employed  makes 
little  or  no  contribution  to  tumorigenesis.  Our  data  suggest  that  NFl  loss  in  malignant  myeloid 
disorders  may  not  follow  this  paradigm. 

Mechanisms  of  LOH  at  NFl  in  leukemic  cells 

To  explain  our  findings,  we  propose  that  interstitial  isodisomy  arose  by  a  double  mitotic 
recombination  event  between  non-sister  chromatids  during  the  S/G2  phase  of  the  cell  cycle  of  a 
ancestral  cell  (Figure  4B).  One  of  4  possible  segregants  would  have  homozygous  inactivation  of 
NFl  from  replacement  of  an  interstitial  maternal  segment  carrying  a  fimctional  NFl  allele  with  a 
homologous  paternal  segment  with  a  dysfunctional  NFl  allele.  A  tumor  arising  from  this 
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segregant  would,  like  the  tumors  of  patients  no.  1-8,  have  a  normal  karyotype,  show  LOH  at  all 
loci  in  the  50  Mb  interstitial  isodisomic  region,  and  have  2  copies  of  the  NFl  gene.  For  patient 
no.  6  with  interstitial  maternal  isodisomy,  the  parental  origin  of  the  segments  would  be  reversed 
from  those  depicted  in  Figure  4B.  Tumors  with  the  genotypes  of  any  of  the  other  three  possible 
segregants  were  not  detected,  presumably  because  homozygous  inactivation  of  NFl  is  essential 
for  development  of  malignant  myeloid  leukemias  in  NFl  children.  An  alternate  mechanism 
imderlying  interstitial  isodisomy  would  be  a  double  recombination  during  the  G1  cycle  of  an 
ancestral  cell.  This  is,  however,  considered  less  likely  because  of  the  additional  requirement  for 
chromosome  duplication  (Figure  4C).  In  addition,  we  caimot  rule  out  the  possibility  that  the 
large  interstitial  isodisomic  regions  arose  in  a  stepwise  manner  by  sequential  single 
recombination  events  during  S/G2  in  a  series  of  precursor  cells.  However,  because  the  genotype 
of  a  tumor  is  a  reflection  of  both  somatic  mutation  and  selection,  it  seems  highly  unlikely  that 
selection  would  favor  proliferation  of  each  of  several  "intermediate"  cells.  The  lack  of  an 
informative  qter  locus  in  the  tumors  of  patients  no.  4,5,7,  and  8  precluded  determining  if  the 
isodisomic  regions  were  interstitial.  If  homozygosity  extends  through  the  telomere,  then  these 
malignant  clones  probably  arose  by  a  single  recombination  event  in  the  same  17q  proximal 
breakpoint  region  as  the  other  clones. 

Besides  mitotic  recombination,  it  is  theoretically  possible  that  the  isodisomic  regions  arose  by 
gene  conversion,  which  is  the  non-reciprocal  transfer  of  genetic  information  from  donor  to 
recipient  chromosome.  Although  considerable  circumstantial  evidence  has  been  reported  for 
gene  conversion-like  events  in  germline  and  somatic  tissues  of  flat  ^ 

wMete?]  40-  41,  conversion  of  a  50  Mb  segment  would  dramatically  exceed  previous  reports.  In 
humans  only  small  segments  of  several  kilobases  or  less  appear  to  be  converted  42  43  44  45  46  47 
In  some  cases,  however,  reliance  on  the  polymarase  chain  reaction  may  have  precluded  detection 
of  larger  conversion  tracts.  Apparent  large-scale  conversion-like  events,  like  those  involving  the 

_  kb  steroid  21 -hydroxylase  gene  in  some  patients  with  congenital  adrenal  hyperplasia,  are 

thought  to  arise  by  a  series  of  independent  crossovers,  involving  at  least  one  unequal  sister 
chromatic  exchange  4*. 

The  interstitial  somatic  microdeletions  observed  in  patients  no.  9  and  1 1  clearly  arose  by  an 
independent,  rather  than  a  reciprocal,  mechanism  from  that  of  the  isodisomic  cases.  Although 
little  is  known  at  the  sequence  level  about  somatic  microdeletion  breakpoints,  clues  can  be 
garnered  from  molecular  analysis  of  germline  microdeletions  that  cause  hmnan  genetic  disease. 
Although  presumed  to  be  meiotic  in  origin,  many  human  germline  mutations  may  actually  occur 
during  the  >30  mitoses  that  occur  in  germ  cells  before  each  meiotic  event49.  Evidence  is 
mounting  that  germline  microdeletions  result  from  homologous  recombination  between  flanking 
low  copy  number  repeat  sequences  (reviewed  in  ref.  Examples  include  the  dystrophin 
deletion  hotspot  in  Duchenne  muscular  dystrophy  1992,  ^  ) 

and  the  ~5  Mb  deletion  resp>onsible  for  Smith-Magenis  syndrome^  T  The  strongest  evidence  is 
from  the  analysis  recombination  between  CMTl  A-REP  repeats  that  generates  reciprocal 
products  carrying  a  duplication  or  a  deletion  of  the  intervening  1 .5  Mb  region.  Within  the  24  kb 
CMTl  A-REPs,  about  75%  of  the  deletion  breakpoints  map  to  a  456  bp  region  near  a  mariner 
transposon-like  element,  which  is  postulated  as  the  site  of  a  double  strand  break  that  initiates  the 
recombination  event^^,  53  jjje  recombination  products  cause  different  inherited  neuropathies;  a 
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duplication  results  in  Charcot-Marie-Tooth  disease  type  1  A,  while  a  deletion  causes  hereditary 
neuropathy  with  liability  to  pressure  palsies  ItAMecaal.  3.223.  t994). 

Clustering  of  LOH  breakpoints 

LOH  breakpoints  in  the  isodisomic  cases  were  clustered,  as  were  those  in  the  microdeletion 
cases.  The  microdeletion  breakpoints  in  patient  nos.  9  and  1 1  mapped  to  the  same  proximal  and 
distal  genetic  intervals  estimated  at  1 1 .7  and  10.3  cM,  respectively  (Figure  2).  Although  the 
physical  length  of  these  intervals  in  unknown,  estimates  from  the  Genome  Data  Base  are  5  Mb 
for  the  centromeric  interval  and  1 1  Mb  for  the  distal  (see  Methods).  The  isodisomic  breakpoints 
in  all  8  cases  examined  were  in  a  2.7  cM  centromeric  interval  between  D1 7S959  and  D1294,  an 
estimated  physical  length  of  5.3  Mb  (Figure  2,  Methods).  The  distal  breakpoints  in  4  cases 
mapped  to  a9.6  cM  interval  flanked  by  D17S1822/D17S1830  and  D17S928.  The  physical 
length  of  this  interval  is  estimated  at  7.2  Mb.  [Karen— may  need  a  note  that  Mb  estimates  are  very 
crude;  unclear  to  what  extent  maie/female  recombination  freq  differences  specific  to  chr  17  are  taken  into 
consideration  in  conversion;  waiting  for  reply  from  GDB].  To  determine  if  recombination  occurred 
at  specific  sequences,  the  LOH  breakpoints  could  be  mapped  using  single  nucleotide 
polymorphisms.  The  availability  of  immortalized  cell  lines  for  the  parents  and  the  malignant 
clone  of  patient  no.  1  would  facilitate  cloning  the  breakpoints  in  this  case,  which  could 
subsequently  be  analyzed  in  the  leukemic  cells  of  other  patients  with  isodisomy. 

The  existence  of  putative  recombinogenic  sequences  in  the  somatic  microdeletion  breakpoint 
intervals  defined  by  patients  no  9  and  1 1 ,  is  consistent  with  recent  data  from  the  analysis  of 
germline  NF I  microdeletions.  We  now  have  identified  8  additional  NFl  microdeletion  patients 
to  add  to  the  9  cases  reported  previously  (K.  Maruyama  et  al.,  submitted;  K.  Stephens  et 

al.,  unpublished  data).  Analysis  of  somatic  cell  hybrids  have  mapped  both  the  proximal  and 
distal  germline  deletion  breakpoints  in  all  17  patients  to  the  same  marker  intervals  as  the  somatic 
breakpoints  in  patients  no.  9  and  1 1  (Figure  2;  K.  Stephens  et  al,  unpublished  data).  These  data 
imply  the  existence  of  recombinogenic  sequences,  perhaps  low  copy  number  repeats,  that 
predispose  to  both  germline  and  somatic  microdeletions  in  the  intervals  of  D17S1294  to  NFl 
exon  38  andD17S1822/D17S1830  to  D17S928.  Finemqjping  and  cloning  of  the  germline 
microdeletion  breakpoints  is  in  progress  to  identify  the  recombination  sites.  These  data  will 
provide  the  opportunity  to  determine  if  LOH  microdeletion  breakpoints  in  leukemic  cells  occur 
in  the  same  or  related  sequences. 

The  variety  of  LOH  mechanisms  and  patterns  may  be  restricted  to  either  small  interstitial 
deletions  or  large  isodisomic  segments  in  order  to  maintain  biallelic  expression  of  an  gene  on  the 
q  arm  that  is  essential  for  survival  of  hematopoietic  cells.  Reduction  to  hemizygosity  by 
nondisjunction,  large  deletion  events,  and  other  mechanisms,  would  be  lethal.  This  putative 
essential  gene  would  also  be  expected  to  maintain  biallelic  expression  in  the  ~50%  of  bone 
marrows  from  leukemic  NFl  children  that  do  not  show  LOH  at  the  NFl  locus^®.  Presumably  in 
these  tumors,  neurofiibromin  was  inactivated  by  a  mechanism  that  retained  heterozygosity  (Table 
1)  or  these  tumors  carry  an  undefined  mutation  in  the  Ras  pathway  that  is  functionally  equivalent 
to  neurofibromin-deficiency.  Mitotic  recombination  at  preferential  sites  may  occur  due  to  a 
selection  of  two  different  functions  on  the  same  chromosome:  loss  of  neurofibromin  function 
and  retention  of  biallelic  expression  from  an  essential  gene.  Similar  to  the  way  we  select  for 
recombination  in  mammalian  cells  in  vitro.  Findbest  ref??  It  may  be  p>ossible  to  test  this  hypothesis 
directly  by  analyzing  the  extent  of  LOH  at  chromosome  1 1  loci  in  the  leukemic  cells  of  Nf^^  ~ 
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mice  with  myeloid  malignancies.  Because  synteny  of  human  chromosome  1 7q  loci  is 
maintained  with  mouse  chromosome  1 1  (http://www.informatics.jax.org/bin/oxfordgrid),  this 
hypothesis  would  predict  comparable  LOH  regions.  Intriguingly,  we  have  recently 
demonstrated  that  therapy-related  myeloid  leukemias  mice  show  both  LOH  and 

disomy  at  the  NFl  locus  (N.  Mahgoub  et  al,  submitted). 

How  do  the  LOH  regions  observed  in  malignant  bone  marrow  cells  compare  to  those 
previously  reported  in  other  tumors  of  NFl  patiaits?  Most  of  the  early  LOH  studies  showed 
either  a  significant  number  of  tumors  with  LOH  at  1 7p  loci'^-  or  were  analyzed  with  an 
insufficient  number  of  markers  to  detect  similarities.  However,  two  reports  of  LOH  in  benign 
neurofibromas  suggests  that  these  cases  have  LOH  regions  similar  in  extent  to  those  observed  in 
the  present  study.  Serra  et  al.^  observed  LOH  at  NFJ  in  15  (n=60)  neurofibromas.  Six  tumors 
showed  restricted  LOH  regions  .similar  in  extent  to  the  leukemic  microdeletion  cases  (Figure  2, 
patients  no.  9,1 1).  Seven  neurofibromas  had  large  LOH  regions  with  centromeric  breakpoints  in 
a  region  comparable  to  the  leukemic  isodisomy  cases  (Figmre  2,  patients  1-8),  and  2  tumors 
showed  LOH  only  for  NFJ  intragenic  markers  (not  observed  in  the  present  study).  In  an 
independent  analysis,  8  out  of  22  neurofibromas  had  LOH  regions  that  could  be  grouped  into  the 
same  subsets.  Three  cases  showed  restricted  LOH  regions,  4  had  large  LOH  regions  with 
centromeric  breakpoints  in  comparable  regions,  and  1  showed  LOH  only  at  an  NFJ  intragenic 
marker^.  In  these  studies,  it  was  not  determined  whether  heterozygosity  was  retained  near  the 
1 7q  telomere  in  the  cases  with  large  LOH  regions.  The  most  telomeric  locus  tested  that  was 
informative  was  D17S785  or  D17S21,  which  are  located  about  15-20  Mb  centromeric  to 
D1 7S928,  the  locus  that  retained  heterozygosity  in  our  study.  In  addition,  it  is  not  known  if  loci 
in  the  LOH  regions  of  neurofibromas  are  monosomic  or  disomic.  Peiiiqjs  the  NFJ  gene  dosage 
PCR  assay  could  address  this  question,  particularly  for  that  subset  of  neurofibromas  with  a 
limited  admixture  of  non-tumor  tissues,  as  determined  by  little  or  no  amplification  of  the  normal 
allele.  Ascertaiiunent  of  the  LOH  mechanism(s)  in  neurofibromas  will  be  a  direct  test  of 
whether  the  mitotic  recombination  we  observed  is  specific  to,  and  selected  for,  only  in 
hematopoietic  stem  cells  or  if  they  also  contribute  to  tumor  development  in  other  tissues  of  NFl 
patients. 

Clustering  of  recombination  breakpoints  could  also  be  due  to  physical  proximity  or  specific 
features  of  chromosome  17  regions.  It  has  been  shown  that  individual  chromosomes  occupy 
discrete  territories  within  the  interphase  nucleus  and  that  chromosome  arms  move  in  a  cell  cycle- 
dependent  manner  (reviewed  in  5^).  The  proximity  of  subchromosomal  regions  could  facilitate 
recombination  either  during  G1  or  S/G2  phase  of  the  cell  cycle.  The  breakpoint  regions  could 
also  contain  chi-like  sequences  or  unknown  elements  that  are  prone  to  double-strand  breaks, 
both  of  which  are  implicated  in  regions  with  increased  recombination  in  mammalian  cells  [Ref  of 
DSB  and  Marshall  B.  et  al,  1996,  Gene  174:175-179]. 

Implications  of  somatic  NFl  microdeletion  and  isodisomy  in  leukemogenesis 

The  remarkable  nature  of  our  findings  prompts  the  question  of  whether  attenuation  of  normal 
neurofibromin  function  in  a  precursor  cell  is  sufficient  for  development  of  childhood  leukemia? 
Or,  are  there  additional  fimctional  consequences  of  the  underlying  genetic  mechanism  of  NFJ 
inactivation  that  may  be  important  in  leukemogenesis?  Data  fi’om  the  present  study  do  not 
identify  any  putative  genetic  or  fimctional  factors  that  may  contribute  to  onset  of  leukemia. 
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Neither  the  isodisomic  nor  the  microdeletion  rearrangements  were  specific  to  any  one  type  of 
leukemia;  obvious  differences  in  disease  course  in  these  two  sets  of  patients  were  not  detected 
(Table  1).  Leukemias  that  retained  maternally-  or  paternally-derived  chromosome  17q 
sequences  were  observed  among  both  the  isodisomic  and  microdeletion  cases  (Figure  2).  This 
excluded  the  possibility  of  an  imprinted  gene  whose  normal  mono-allelic,  parental-specific 
expression  pattern  was  perturbed.  While  the  microdeletions  resulted  in  loss  of  sequences  and,  in 
theory,  could  generate  a  novel  fusion  gene  product,  loss  of  sequences  at  the  recombination  sites 
of  the  isodisomic  cases  would  be  considered  less  likely.  Although  during  rec5CD-mediated 
recombination  in  E.  coli,  the  exonuclease  activity  of  the  recBCD  enzyme  destroys  DNA  between 
its  entry  point  at  a  double  strand  break  and  the  chi  element,  which  is  thought  to  inhibit  the 
exonuclease  and  reveal  the  recombinase  activity  (reviewed  in^^). 

While  functional  inactivation  of  neurofibromin  is  apparently  sufficient  for  the 
myeloproliferative  phenotype,  there  is  evidence  that  modifying  genes  may  contribute  to  the 
development  of  acute  leukemia.  Modifying  loci  are  implicated  in  the  decreased  latency  of 
leukemia  observed  in  in  the  BXH-2  genetic  background,  which  is  permissive  for 

horizontal  transmission  of  an  ecotropic  virus^^.  In  addition  to  an  NFl  targeted  disruption,  these 
mice  carried  an  average  3.8  somatically  acquired  proviruses.  The  authors  postulated  that 
proviral  insertional  mutagenesis  altered  expression  of  other  loci,  which,  in  concert  with  Nfl 
haploinsufficiency,  caused  an  earlier  onset  of  leukemia  ^9, 57  Some  myeloid  leukemias  of  NFl 
children  also  have  monosomy  7,  which  is  presumed  to  be  secondary  to  LOH  of  the  normal  NFl 
allele^'  It  is  interesting  that  mice  do  not  develop  leukemia  until  their  second  year  of 
life,  while  in  humans  it  is  affected  children,  but  not  adults  who  are  at  risk.  Although  this  may  be 
attributed  to  general  interspecies  differences,  it  could  also  reflect  differences  in  expression  of  a 
specific  AF/ -modifying  locus  in  the  mouse. 

It  is  possible  that  NFl  children  who  tend  to  develop  leukemias  have  inherited  an  NFl  disease 
allele  (familial  or  de  novo)  on  a  specific  haplotype  that  predisposes  to  hematopoietic 
malignancies.  Unexpectedly,  virtually  complete  linkage  disequilibrium  is  maintained  across  the 
~350  kb  NFl  locus^^-  As  expected  for  a  disorder  with  a  high  mutation  ffequency^^,  however, 
there  was  no  association  of  a  specific  haplotype  with  the  NFl  disease  allele  in  30  patients 
analyzed  ^9.  Perhaps  if  the  patient  cohort  was  comprised  of  NFl  children  that  developed 
malignant  myeloid  leukemias  a  specific  haplotype  would  be  predominant.  This  hypothesis  is 
consistent  with  our  observations  of  leukemic  cells  that  retain  either  one  or  two  copies  of  the 
dysfunctional  NFl  locus,  irregardless  of  parent  of  origin.  The  low  fi’equency  of  leukemia  in 
NFl  children  could  reflect  a  low  prevalence  of  this  haplotype. 

This  hypothesis  becomes  more  tenable  due  to  the  existence  of  3  genes  within  the  NFl  gene 
that  could  have  gain-of-fimction  or  loss-of-function  alleles  in  disequilibrium  with  NFL  These 
genes,  EV12A,  EVI2B,  and  OMG,  are  embedded  within  NFl  intron  27b  and  are  transcribed  in  the 
direction  opposite  that  of  the  NFl  gene  (te^L  In  addition  to  their  intriguing  location,  other 
features  make  them  candidates  as  putative  modifiers  of  NFl -associated  tumorigenesis.  EVI2A 
and  EVI2B  are  genes  of  unknown  function  that  are  highly  ex|>ressed  in  human  bone  marrow  and 
myeloid  cells*^^.  Although  these  2  genes  are  in  close  proximity  to  sites  of  fi'equent  proviral 
integration  in  BXH2  mice  with  leukemia,  it  is  actually  the  NFl  gene  that  is  inactivated  by  their 
insertion^^.  No  consistent  changes  in  expression  of  EVI2A  or  EVI2B  were  detected  in  these 
mice  suggesting  that  these  genes  are  not  involved  in  myeloid  tumor  induction  m  this  mouse 
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model.  Overexpression  of  OMG  in  fibroblasts  suppresses  growth  presumably  by  inhibition  of 
PDGF-induced  mitogenesis  [Habib  et  al  Oncogene  -525- 1531, 1998].  Although 

expression  of  OMG  is  thought  to  be  restricted  primarily  to  tissues  of  the  central  nervous  system, 
the  expression  level  in  bone  marrow  is  unknown.  A  specific  haplotype  that  predisposes  a 
neurofibromin-deficient  hematopoietic  precursor  cell  to  proliferate  into  a  myeloid  tumor  does 
not  require  that  the  modifying  allele  be  in  disequilibrium  with  the  NFl  disease  allele.  It  could 
simply  be  that  the  NFl  disease  allele  and  the  modifying  allele  are  coincidentally  in  cis  on  certain 
haplotypes  and  are  therefore  both  altered  by  the  rearrangements  leading  to  LOH. 

Broad  implications  of  interstitial  isodisomy 

Interstitial  isodisomy  as  a  mechanism  of  LOH  may  have  gone  unrecognized  in  many  previous 
studies.  Genotyping  only  the  tumor  suppressor  locus  and/or  a  few  flanking  loci  would  not 
necessarily  have  revealed  the  interstitial  nature  of  the  LOH  region.  Furthermore,  LOH  studies 
alone,  without  accompanying  physical  analyses,  can  not  distinguish  between  LOH  arising  from 
interstitial  isodisomy  or  fi"om  deletion,  nondisjimction,  and  other  mechanisms  where  alleles  are 
physically  lost.  For  example,  two  recent  LOH  studies  reported  data  strikingly  similar  to  ours. 
Intestinal  tumor  epithelium  in  mice  that  were  cis-compound  heterozygotes  at  Ape  and  Dpc4  loci 
showed  LOH  of  both  normal  alleles  in  conjunction  with  disomy  at  these  loci,  which  are  30  cM 
apart^3  Gupta  et  al  ^^demonstrated  that  the  majority  of  clones  from  T  lymphocytes  of  APRT 
heterozygotes  that  underwent  in  vivo  multilocus  LOH  at  16q  exhibited  normal  diploid 
karyotypes  and  were  disomic  for  APRT.  Analysis  of  additional  loci  on  these  chromosomes  may 
reveal  a  region  of  interstitial  isodisomy.  In  the  present  study,  the  retention  of  heterozygosity  at 
the  D1 7S928  close  to  the  telomere  (Figures  2, 4A)  is  intriguing.  It  is  unclear  if  this  was 
coincidental  or  if  recombinant  chromosomes  in  other  tumors  also  preferentially  maintain  then- 
original  maternal  or  paternal  subtelomeric  sequences.  This  could  be  tested  directly  by 
genotyping  telomeric  loci  in  a  collection  of  tumors  that  previously  showed  multilocus  LOH  due 
to  a  presumed  single  mitotic  recombination  event.  This  would  include  for  example  80%  of 
retinoblastomas  (karen,  check  percentage  again  and  reference), 

A  broad  implication  of  our  study  is  that  the  power  of  genetic  LOH  studies  can  be  increased 
significantly  when  performed  in  concert  with  physical  analyses  for  gene  copy  number 
determination.  This  provides  the  opportunity  to  detect  a  putative  modifying  gene,  a  rmique 
genetic  mechanism  leading  to  somatic  mutation,  a  sequence  that  may  be  recombination-prone  in 
certain  tissues,  an  imprinted  gene  whose  expression  is  altered,  or  a  correlation  between  LOH 
genotype  and  tumor/disease  phenotype.  In  addition  to  increasing  our  understanding  of  somatic 
mutation  in  tumorigenesis,  such  information  could  affect  the  design  and  efficacy  of  putative 
therapeutic  agents. 


METHODS 

Patients.  Clinical  descriptions  and  the  results  of  NFl  mutation  detection  and  LOH  studies  have 
been  reported  for  most  of  the  patients  included  in  this  report'^,  12, 34  Selected  demographic  and 
laboratory  data  are  summarized  in  Table  1 . 

NFl  gene  dosage  assay.  A  PCR  gene  dosage  assay,  originally  developed  to  detect  germline 
deletions  of  NFl,  was  performed  as  described  previously  (Maruyama  et  al.,  submitted)  The 
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assay  measures  the  copy  number  of  a  segment  of  exon  32  of  the  NFl  gene  by  quantitating  the 
NFl  product  relative  to  the  product  of  a  competitively-amplified  segment  of  a  disomic  control 
locus  on  chromosome  21 .  Disomic  control  individuals  had  a  mean  NFl  gene  dosage  value  of 
0.98  ±  0.08  sd.,  while  NFl  subjects  with  germline  microdeletions  had  a  mean  gene  dosage  value 
of  0.45  ±  0.04  sd.  (sd.,  one  standard  deviation).  To  approximate  a  95%  confidence  interval,  the 
range  of  values  indicating  either  germline  disomy  or  monosomy  was  set  at  the  mean  ±  2  sd. 

This  established  a  gene  dosage  value  range  of  0.82  -  1 . 14  for  NFl  disomy  and  a  range  of  0.37  - 
0.53  for  NFl  monosomy. 

Fluorescence  In  Situ  Hybridization.  Metaphase  chromosome  preparations  of  immortalized 
lymphoblastoid  cells  of  patient  no.  1  were  prepared  and  hybridized  to  the  NFl  bacteriophage  PI 
probe  PI  -12,  which  contains  ~55  kb  of  NFl  intron  273^°'  Cryopreserved  bone  marrow 
samples  were  thawed  and  cultured  at  1  x  1 0'^  cells/ml  for  24  hr  (90%  RPMI  1 640/ 1 0%  fetal 
bovine  serum,  100  U/ml  penicillin,  100  pg/ml  streptomycin,  10  mM  HEPES)  at  37°C  in  95% 
air/5%  C02.  Following  incubation,  the  cells  were  exposed  to  hypotonic  KCl  (0.75  M,  8  min, 
37^C),  fixed  in  absolute  methanohglacial  acetic  acid  (3:1),  and  air  dried  on  slides.  NFl  probes 
were  PI  bacteriophage  clone  PI  -9,  which  spans  --65  kb  of  the  NFl  gene  including  exons  2-11, 
and  clone  Pl-12  (ref.^o.  A  centromere-specific  probe  for  chromosome  17  (CEP®  17-Spectrum 
Green™,  Vysis,  Inc.,  Downer's  Grove,  IL),  and  a  PI  artificial  chromosome  (PAC)  clone,  P263P1 
(Genome  Systems  Inc.,  St.  Louis,  MO),  were  hybridized  as  control  probes.  P263P1  was  isolated 
by  screening  the  PAC  library  using  primers  for  D5S479,  and  contains  an  insert  of  70  kb  derived 
from  5q3 1 .  Labeled  PAC  and  PI  probes  were  prepared  by  nick-translation  using  Bio-1 1  -dUTP 
(Enzo  Diagnostics,  New  York,  NY)  or  digoxigenin-1 1  -dUTP  (Boehringer  Mannheim, 
Indianapolis,  IN).  Interphase  FISH  was  performed  as  described  previously  Hybridization  of 
probes  labeled  with  either  biotin  or  digoxigenin  was  detected  with  fluorescein-conjugated  avidin 
(Vector  Laboratories,  Burlingame,  CA)  and  rhodamine-conjugated  anti-digoxigenin  antibodies 
(Boehringer  Marmhein),  respectively.  Nuclei  were  coimterstained  with  4,6,-diamidino-2- 
phenylindole-dihydrochloride  (DAPI).  The  slides  were  randomized  and  examined  by  two 
observers  in  a  blinded  fashion  (500  cells  were  scored  by  each  observer  for  each  probe).  The 
distribution  of  hybridization  signals  per  nucleus  for  the  CEP®  1 7  probe  was  determined  in  bone 
marrow  cells  from  healthy  control  individuals  (Table  3,  N=10).  We,  and  other  investigators, 
have  observed  an  increased  number  of  cells  with  one  or  no  signals  in  bone  marrow  cells  that 
have  been  cryopreserved,  presumably  due  to  the  presence  of  inviable  cells.  For  this  reason,  we 
hybridized  the  CEP®  1 7  probe  to  a  control,  cryopreserved,  bone  marrow  sample,  and  co¬ 
hybridized  the  AF7 -specific  probes  with  a  control  probe  for  chromosome  5  (P263P1),  which  is 
typically  not  involved  in  chromosomal  abnormalities  in  these  childhood  myeloid  leukemias. 

The  slides  were  randomized  and  analyzed  by  two  observers  (500  cells  each)  in  a  blinded  fashion 

Mapping  LOH  regions.  Polymorphic  loci  were  genotyped  by  PCR  amplification  using  primers 
described  previously  (http://gdbwww.gdb.org/).  LOH  at  the  NFl  locus  was  evaluated  by  PCR 
of  at  least  one  informative  intragenic  marker  including  exon  5,  intron  27B  AluI/AluII,  and  intron 
38  as  described^^  LOH  at  chromosome  17  loci  was  determined  by  comparing  the  genotypes  in 
peripheral  blood  DNA  of  the  patient's  parents  to  those  detected  in  tumor  DNA  of  the  patient. 

For  patients  no.  1 ,  8  ( miied  normal  tissue  was  available  to  confirm  a  constitutional 

genotype  that  included  biparental  inheritance  of  NFl  alleles(Figure  5  in  ref.  5*).  Segregation 
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of  alleles  from  parents  to  child  for  multiple  informative  loci  on  autosomes  other  than  1 7  was 
consistent  with  parentage  as  stated  for  each  case(data  not  shown).  Genetic  distances  are  from  the 
chromosome  1 7  sex-averaged  m^  of  the  Center  for  Medical  Genetics,  Marshfield  Medical 
Research  and  Education  Fotmdation  (http://www.marshmed.org/genetics/).  Physical  distances 
for  chromosome  1 7  intervals  were  as  estimated  by  the  Genome  Data  Base 
(http://gdbwww.gdb.org/). 
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FIGURE  LEGENDS 

Figure  1 .  A  chromosome  17  interstitial  LOH  region  in  leukemic  cells.  The  results  of  genotypic 
analysis  of  selected  loci  in  the  tumor  of  patient  no.  1  are  shown.  The  loci,  arranged  in  their 
unique  order  on  the  q  arm  of  chromosome  17,  document  the  interstitial  nature  of  the  LOH 
region.  The  flanking  loci  D17S33  and  D17S928  retained  heterozygosity,  while  loci  in  between 
lost  the  paternal  allele. 

Figure  2.  Chromosomal  1 7  loci  with  LOH  in  malignant  myeloid  cells  of  NFl  children. 

For  each  patient,  a  schematic  of  the  chromosome  17  that  showed  loss  of  constitutional 
heterozygosity  is  depicted.  The  region  of  LOH  is  shaded,  informative  loci  are  designated  with  a 
dash  to  the  left  of  the  bar  depicting  the  chromosome,  and  the  parental  origin  of  the  LOH  region 
is  indicated  below  as  P,  paternal  and  M,  maternal.  Locus  order  with  estimated  interlocus 
distances  in  cM  from  sex-averaged  genetic  map  are  given  to  left  of  each  interval 
(http://www.marshmed.org/genetics/).  D17S1878,  D17S975,  and  D17S1294  were  mapped 
centromeric  to  NFl  between  D17S635  and  D17S33,  while  D17S1800  was  localized  telomeric  to 
NFl  using  a  panel  of  somatic  cell  hybrids  carrying  segments  of  chromosome  17^^> 

Stephens,  unpublished  data).  This  mapping  panel  also  confirmed  the  previously  reported 
localization  of  D17S635,  alias  UT172^0'  as  centromeric  to  NFl 
(http://www.marshmed.org/genetics/;  http://gdbwww.gdb.org/). 

?iW  Ht^mcKec  &  toieLenee  fiat  ^17 S  959  id  Ofuit. 

Figure  3.  Fluorescence  in  situ  hybridization  of  tumor  cells  with  NFl  probes.  Panel  (A), 
metaphase  spread  of  immortalized  lymphoblastoid  cells  of  patient  no.l  hybridized  with  a 
bacteriphage  PI  NFl  probe,  PI- 12.  Each  of  20  metaphases  examined  had  signals  on  both 
chromosome  17  homologues.  As  expected,  FISH  of  cells  of  an  NFl  hemizygous  control 
individual  showed  48  of  50  metaphases  with  signals  on  only  one  chromosome  1 7  homologue, 
with  the  remaining  2  spreads  showing  no  labeling  (data  not  shown).  The  chromosome  17 
homologues  were  identified  by  the  Hoechst/actinomycin  D  staining  (data  not  shown),  which 
reveals  a  0-banding  like  pattem^^. 
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Panels  (B-x),  Choose  other  FISH  figures  and  write  leffends. 

Dual-color  FISH  was  performed  by  co-hybridizing  biotin-labeled  NFl  probes  and  a  control 
probe,  digoxigenin-labeled  P263P1,  a  PAC  clone  derived  from  5q31.  The  NFl  probes  (PI -9  and 
PI -12)  were  co-hybridized  with  the  control  probe  in  independent  experiments.  An  a-satellite 
probe  specific  for  the  centromere  of  chromosome  17  (CEP’^17)  was  hybridized  in  a  third 
independent  experiment  to  enumerate  the  number  of  copies  of  chromosome  1 7  in  each  sample. 
Figure  4.  Somatic  interstitial  isodisomy  in  leukemic  cells  of  NFl  children. 

A)  The  ^different  chromosome  1 7  karyotypes  observed  in  the  patients  studied.  Paternally- 
derived  sequences  are  shaded;  maternally-derived  sequences  are  not.  Two  of  the  possible 
mechanisms  for  double  mitotic  recombination  leading  to  interstitial  isodisomy  in  a  progenitor 
cell  are  diagrammed  in  B)  double  recombination  during  G2/S  phase 
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Table  1.  NFl  gene  dosage  in  bone  marrows  of  NFl  children  with  malignant  myeloid  disorders. 


Palicnl 

No. 

Sc.\ 

Age  :it 

Onset 

Diagnosis 

Origin  of 

.\7-7  mutation 

LOH  at 

.\7'7  Locus 

SF!  Gene 

Dosage  Value"'’ 

Predicted  \FI 

Gene  Copy  No." 

1 

M 

9  mo 

MPS 

de  novo 

maternal 

0.99 

disonu 

(paternal) 

2 

M 

10  mo 

AML 

paternal 

maternal 

0.9.1 

disomy 

3 

M 

24  mo 

monosomy  7 

imknown 

maternal 

0.96 

disomy 

4 

M 

14  mo 

JMML 

maternal 

paternal 

0.86 

disomy 

5 

,F 

.10  mo 

JMML 

maternal 

paternal 

0.94 

disomy 

6 

M 

10  mo 

JMML 

maternal 

paternal 

0.87 

disomy 

7 

M 

mo 

monosomy  7 

maternal 

paternal 

0.90 

disotn> 

8 

F 

1 8  mo 

MPS 

paternal 

maternal' 

0.85 

disomy 

9 

M 

5  yr 

JMML 

maternal 

paternal 

0.57 

monosoim 

10 

F 

1 8  mo 

JMML 

unknown 

probable. 

0.44 

monosotn> 

1  1 

M 

1 9  mo 

monosomy  7 

dc  novo 

maternal' 

0.48 

monosoin> 

“  Data  from  this  manuscript. 

'’Measured  in  unfractionated  bone  marrow  cells,  except  patients  3,  9  for  which  leukemic  cells 
in  peripheral  blood  were  used 
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Table  2.  Interphase  fluorescence  in  sim  hybridization  analysis  of  bone  marrow  samples. 


Patient 

Chr.  17 

Number  orHybridi/ation  Signals 

Control 

Number  of  Hybridization  Signals 

0 

1 

2 

3 

>4 

0 

1 

2 

>4. 

3 

Cep®  1 7 

0 

6 

87 

3 

4 

PI -9 

0,6 

14 

84 

1 

0.4 

263P1 

0 

7.6 

90 

2 

0,4 

Pl-12 

1 

13 

80 

6 

0 

263  PI 

0 

9 

88 

2 

1 

3 

PI -9 

4 

4 

92 

0 

0 

Ccp®7 

0 

92 

8 

0 

0 

Pl-12 
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ABSTRACT 


The  SLC6A4  gene  encodes  a  protein  (the  serotonin  transporter)  that  is  the  target  of 
an  important  class  of  antidepressant  drugs,  the  serotonin  selective  reuptake 
inhibitors.  Polymorphic  variation  in  the  SLC6A4  gene  has  been  reported  to  be 
associated  with  susceptibility  to  depression  and  other  psychiatric  disorders.  We  have 
constructed  a  1  Mb  YAC  and  PAC  contig  which  harbours  the  SLC6A4  gene  and  also 
the  gene  encoding  carboxypeptidase  D  (CPD),  a  recently  discovered  membrane- 
bound  metallocarboxypeptidase.  The  order  of  STS  markers  within  the  contig  was 
cen-D17S975-D17S1549-D17S1294-SLC6A4-CPD-D17S2009-S17S2004-D17S1863- 
D17S2120-ter.  A  patient  (NF106-3)  with  neurofibromatosis  t57pe  I  (NFl)  resulting 
from  a  large  deletion  in  chromosome  17qll.2  was  hemizygotic  for  both  SLC6A4  and 
CPD  genes.  Our  data  should  facilitate  studies  of  contribution  of  the  SLC6A4,  CPD 
and  other  contiguous  genes  to  susceptibility  to  developmental  and  psychiatric 
disorders  and  to  the  distinct  phenotype  seen  in  NFl  deletion  patients. 
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INTRODUCTION 


The  endogenous  indoleamine  serotonin  (5-hydroxytryptamine,  5-HT)  is  a 
neurotransmitter  in  the  central  and  peripheral  nervous  systems.  The  actions  of 
serotonin  released  into  the  synaptic  cleft  are  terminated  by  reuptake  into  pre- 
synaptic  nerve  terminals  by  a  high-affinity,  Na+-dependent  serotonin  transporter 
(SERT)  encoded  by  the  SLC6A4  ('solute  carrier  family  6,  member  4')  gene.  The  SERT 
is  the  target  for  an  important  class  of  antidepressant  drugs,  the  serotonin  selective 
reuptake  inhibitors  (Anderson  and  Tomenson,  1994)  and  also  of  certain  drugs  of 
abuse  including  3,4-Methylenedioxyamphetamine  (MDMA  or  "ecstasy":  Rudnick 
and  Wall,  1992).  Polymorphic  variation  in  the  SLC6A4  gene  has  been  reported  by 
several  laboratories  to  be  associated  with  susceptibility  to  affective  disorder 
(Battersby  et  ah,  1996;  Collier  et  al.,  1996a,  1996b;  Harmar  et  ah,  1996;  Ogilvie  et  ah, 
1996;  Rees  et  al,  1997),  may  influence  personality  traits  (Lesch  et  al,  1996)  and  may 
be  a  risk  factor  for  late  onset  Alzheimer's  disease  (Li  et  al,  1997)  and  autistic  disorder 
(Cook  et  al,  1997;  Klauck  et  al,  1997).  The  human  SLC6A4  gene,  which  encompasses 
>30  kb  (Bradley  and  Blakely,  1997),  has  been  mapped  to  17ql2  using  a  restriction 
fragment  length  polymorphism  (RFLP)  in  the  3'  untranslated  region  (3'-UTR)  of  the 
gene  (Gelernter  et  al,  1995)  and  to  17qll.2  -  17ql2  using  fluorescence  in  situ 
hybridization  (FISH)  and  somatic  cell  hybrids  (Ramamoorthy  et  al,  1993). 


Human  carboxypeptidase  D  (CPD)  is  a  newly  discovered  membrane-bound 
metallocarboxypeptidase  that  has  been  proposed  to  be  involved  in  the  post- 
translational  processing  of  peptides  and  proteins  that  transit  the  secretory  pathway 
(Ishikawa  et  al,  1998;  Tan  et  al,  1989).  The  human  gene  for  carboxypeptidase  D  has 
been  localized  to  chromosome  17pll.l-qll. 1/11.2,  using  the  polymerase  chain 
reaction  (PCR)  with  gene-specific  primers  and  DNA  derived  from  somatic  cell 
hybrids  (Riley  et  al,  1998). 


M 


pthe  Neurofibromatosis  type  I  (NFl)  gene  has  been  mapped  to  chromosome  17qll.2 
between  D17S33  and  D17S57.  Defects  in  the  NFl^ene  result  in  an  autosomal 
dominant  disorder,  affecting  approximately  1/J^kJm  the  population,  characterized 
by  the  development  of  multiple  neurofibrofnas,  cafe  au  lait  spots,  and  Lisch  nodules 
of  the  iris  (for  review  see  Shen  et  al,  1996).  There  is  marked  variation  and  severity  in 
clinical  expression  of  the  disease  depending  on  the  nature  of  the  defect  in  the  NFl 
1  gene.  Patients  with  large  deletions  in  17qll  exhibit  facial  dysmorphology,  mental 
retardation,  and/or  learning  disabilities  (Cnossen  et  al,  1997;  Kayes  et  al,  1992, 1994; 
Wu  et  fl/.,  1995). 
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Previously,  six  NFl  patients  with  mild  facial  dysmorphology,  mental  retardation, 
and/ or  learning  disabilities  were  extensively  examined  for  DNA  rearrangements 
within  the  NFl  region  (Kayes  et  al,  1994).  Analyses  of  somatic  hybrid  cell  lines 
demonstrated  that  each  of  the  five  patients  carried  a  deletion  >700  kb  in  size, 
including  the  entire  350-  kb  NFl  gene,  three  genes  (EVI2A,  EV12B,  and  OMG-t) 
nested  within  an  intron  of  the  NFl  gene  and  considerable  flanking  DNA.  These 
patients  displayed  a  variable  number  of  physical  anomalies  that  were  not  correlated 
with  the  extent  of  their  deletions,  suggesting  that  unknown  gene  (s)  in  the  NFl 
region  may  influence  tumour  initiation  and/or  development  (Kayes  et  al,  1994). 


We  report  here  (i)  the  isolation  of  YAC/PAC  clones  encompassing  the  human 
SLC6A4  and  CPD  genes,  (ii)  the  construction  of  a  1  Mb  YAC  contig  from  17qll.l 
with  7  STS  markers  flanking  the  two  genes,  (iii)  hemizygosity  of  the  SLC6A4  and 
CPD  genes  in  the  patient  NF106-3  who  carries  the  most  extensive  deletion  and  (iv) 
localization  of  the  centromeric  breakpoint  of  the  deletion  to  a  <15  kb  region  between 
D17S1294  and  the  3'-UTR  of  the  SLC6A4  gene. 


MATERIALS  AND  METHODS 

Screening  ofPAC  and  YAC  libraries 

Full  length  human  SLC6A4  cDNA  (200  pg)  was  excised  from  the  pGEM-T  vector, 
labeled  with  [a-^^pjdCTP  using  Ready-To-Go  DNA  labeling  beads  (Pharmacia)  and 
applied  to  high  density  gridded  filters  of  4  libraries:  the  RPC-1  human  PAC  library 
(loannou  et  al,  1994),  the  ICI  (Anand  et  al,  1990),  ICRF  (Larin  et  al,  1991)  and  CEPH 
(Chumakov  et  al,  1992)  human  YAC  libraries.  Hybridization  was  performed  at  55°C 
for  20  hours  in  a  buffer  containing  0.5  M  phosphate  pH7.2,  7%  SDS,  1%  BSA  and  1 
mM  EDTA.  After  hybridization,  filters  were  washed  in  40  mM  phosphate /!%  SDS/1 
mM  EDTA  and  exposed  to  autoradiography  film  (Fuji  RX)  at  -70°C  overnight. 
Positive  clones  were  obtained  from  UK  MRC  HGMP  Resource  Centre. 

Patient  and  somatic  cell  hybrid  lines 

The  patient  NF106-3,  who  has  a  large  deletion  at  17qll.2,  has  been  described 
previously  by  Kayes  et  al  (Kayes  et  al,  1992, 1994).  The  somatic  hybrids  were 
established  by  fusing  immortalized  lymphoblasts  from  the  patient  to  hamster 
hypoxanthine  ribosyltransferase-deficient  RJK  cells.  The  line  NF106-3-#36  carries  the 
deleted  chromosome  17  and  NF106-3-#41  the  non-deleted  chromosome  17  of  the 
patient  (Kayes  et  al,  1994). 
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Fluorescence  in  situ  hybridization  (FISH) 


DNA  from  PAC  clone  50G6  was  labeled  with  biotin-1 1-d ATP  by  nick-translation 
(Gibco  BRL).  Chromosome  metaphase  spreads  from  the  lymphoblastoid  cell  line 
(NF106-3)  were  prepared  using  standard  methodology.  Hybridization  was  carried 
out  as  previously  described  by  Edelhoff  et  al.  (1994)  and  signals  were  detected  using 
a  commercial  system  (Vector).  The  chromosomes  were  banded  using  Hoechst  33258- 
actinomycin  D  staining  and  counterstained  with  propidium-iodide.  The 
chromosomes  and  signals  were  visualized  by  fluorescence  microscope  using  a  dual 
band  pass  filter  (Omega). 

PCR  and  primers 

PCR  primers  for  the  SLC6A4  and  NFl  genes  are  listed  in  Table  1.  The  T^  for  each 
primer  oligonucleotide  was  calculated  using  the  fonnula: 

Tm  =  69.3  +  41  X  Ngc  /  Ntotal  -  650  /  Ntotal  (where  Ngc  is  the  number  of  G  and  C 
residues  in  a  primer  of  total  length  Ntotal  residues)  and  the  lower  Tm  value  for  each 
primer  pair  was  used  as  the  annealing  temperature.  Extension  times  were  chosen 
according  to  the  expected  size  of  individual  PCR  products  (approximately  1  min  per 
500  bp).  PCR  was  performed  for  30  or  35  cycles. 

Preparation  ofYAC  and  PAC  DNA 

Yeast  DNA  was  prepared  with  a  modification  of  the  combined  methods  of  Schedl  et 
al.  (1993)  and  Beilis  et  al.  (1987).  YAC  clones  were  inoculated  into  15  ml  of  medium 
(Ura'/Trp")  with  2%  of  glucose  as  the  carbon  source.  When  cells  had  grown  to  late 
log  phase  after  2-4  days,  low  melting  point  (LMP)  agarose  plugs  were  made  and 
subjected  to  novozyme  (Novo  Biolabs)  digestion  for  4  -  6  hours.  Plugs  were  then 
washed  in  50  mM  EDTA  (2  x  30  min)  and  digested  with  proteinase  K  (2  mg/ml)  at 
55°C  overnight,  in  a  buffer  containing  0.5  M  NaCl,  0.125  M  Tris  pH  8.0, 0.25  M 
Na2EDTA,  1%  (w/v)  lithium  sulphate,  and  0.5  M  6-mercaptoethanol.  Plugs  were 
washed  with  TE  and  stored  at  4°C  in  0.5  M  EDTA. 
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Pulsed-field  gel  electrophoresis  (PFGE) 


Agarose  plugs  containing  YAC  DNA  were  washed  in  TE  (3  x  30  min),  loaded  onto 
1%  agarose  gels  and  sealed  with  1%  LMP  agarose  in  0.5  x  TBE  buffer.  Gels  were  run 
in  0.5  X  TBE  buffer  at  6V/cm  for  24  hours  at  14°C  with  60  seconds  switch  time.  After 
rurming,  gels  were  stained  with  ethidium  bromide  and  photographed. 

Southern  blotting  and  probes 

DNA  was  fragmented  by  soaking  gels  in  0.25  M  HCl  for  15  min  to  facilitate  efficient 
transfer,  denatured  in  0.4  M  NaOH  for  3  x  20  min  and  blotted  onto  Appligene 
Positive  Membrane  overnight.  Filters  were  neutralized  with  25  mM  phosphate  pH 
6.8/ 1  mM  EDTA  for  10  min  and  fixed  for  2  min  at  full  power  (650W)  in  a  microwave 
oven.  Labeling  of  DNA  probes,  hybridization  and  autoradiography  were  performed 
using  the  same  methods  employed  for  library  screening.  Four  probes  were  used  for 
construction  of  the  contig:  (i)  a  854  bp  Pst  I  fragment  of  SLC6A4  cDNA 
(corresponding  to  bp  785  - 1639,  GenBank  accession  no.  L05568),  (ii)  a  2.3  kb  Eco  RI  - 
Pvu  II  fragment  of  pBR322  to  detect  the  long  YAC  arm,  (iii)  28L,  a  3.2  kb  Not  I  - 
Eco  RI  fragment  of  PAC  clone  50G6,  which  is  ~35  kb  upstream  of  the  SLC6A4  gene, 
(iv)  24R,  a  8.4  kb  Not  I  -  Hind  HI  fragment  of  PAC  clone  50G6,  containing  sequences 
~15  kb  downstream  of  the  SLC6A4  coding  sequence.  For  probes  28L  and  24R, 
labeled  DNA  was  pre-hybridized  to  human  Cot-1  DNA  (Gibco)  for  15  min  at  55°C 
before  application  to  blots. 


RESULTS 

Characterization  of  the  SLC6A4  gene  and  PAC  clone  50G6 

The  size  of  the  SLC6A4  gene  was  determined  by  long-range  PCR  of  human  genomic 
DNA  with  6  pairs  of  primers  which  cover  the  entire  SLC6A4  gene  from  exon  1  to  14 
(43084/43085, 43088/43089, 26373/2B,  54073/54074, 5A/5B,  and  6A/P3,  Table  1). 
PCR  products  of  10, 3.5, 5, 4, 4  and  >12  kb  were  obtained,  respectively.  We  conclude 
that  the  SLC6A4  gene  contains  at  least  15  exons  and  spans  approximately  40  kb  of 
genomic  DNA. 

To  isolate  genomic  clones  encoding  the  SLC6A4  gene,  we  screened  the  RPC-1  human 
PAC  library  by  hybridization  with  full  length  human  SLC6A4  cDNA.  Five  PAC 
clones  (228M22, 295J12, 297L15, 64L1  and  50G6)  were  identified  and  further  screened 
by  PCR  with  primers  (Table  I)  flanking  exons  2  (26373/26374)  and  14  (26375/26376) 
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of  the  SLC6A4  gene.  Four  of  the  5  clones  contained  the  5'  end  of  the  SLC6A4  gene 
but  lacked  the  3'-UTR  (data  not  shown).  However,  the  PAC  clone  50G6  appeared  to 
contain  the  entire  coding  sequence  of  the  SLC6A4  gene,  since  PCR  products  of  the 
expected  sizes  were  obtained  with  both  pairs  of  primers.  FISH  analysis  of  50G6  PAC 
DNA  to  human  metaphase  chromosomes  indicated  that  the  clone  was  not  chimeric 
(Table  II). 

To  acquire  probes  for  genomic  mapping,  we  subcloned  Not  I  -  Eco  RI  and 
Not  I  -  Hind  III  digests  of  PAC  clone  50G6  into  pBluescript  SK"  and  identified 
fragments  flanking  the  cloning  site  of  50G6  by  DNA  sequencing.  Clone  24R 
contained  a  8.4  kb  Not  I-Hind  HI  fragment  of  the  insert  of  50G6  together  with  the 
cloning  site  and  the  SP6  promoter  sequence  of  the  PAC  vector  pCYPACZN.  Clone 
28L  contained  a  3.2  kb  Not  I-Eco  RI  fragment  of  50G6  adjacent  to  the  T7  promoter 
sequence  of  pCYPAC2N.  Not  I  digestion  of  50G6  DNA  generated  three  fragments  of 
16  kb  (corresponding  to  PAC  vector),  40  kb  and  55  kb.  Southern  blot  analysis 
revealed  that  subclone  28L  hybridized  to  the  40  kb  Not  I  fragment  whereas  both 
SLC6A4  cDNA  and  subclone  24R  hybridized  to  the  55  kb  Not  I  fragment  (data  not 
shown).  These  results  indicated  that  the  PAC  clone  50G6  contains  approximately  40 
kb  upstream  sequence,  the  entire  SLC6A4  gene  (40  kb)  and  approximately  15  kb 
downstream  sequence. 

Identification  of  SLC6A4-containing  YAC  clones 

High  density  gridded  filters  of  the  ICI,  ICRF  and  CEPH  human  YAC  libraries  were 
screened  by  hybridization  with  full  length  human  SLC6A4  cDNA  and  eleven 
positive  clones  were  identified  (Table  II).  YAC  DNA  was  prepared  from  each 
positive  clone  and  the  size  of  each  YAC  was  determined  by  PFGE  and  subsequent 
hybridization  with  pBR322  DNA  (Fig.  1).  All  YAC  clones  were  examined  by  PCR 
with  6  sets  of  primers  (Table  I)  spanning  the  entire  SLC6A4  gene  and  by  Southern 
hybridization  using  probes  (28L  and  24R)  derived  from  50G6  PAC  DNA  (Fig.  1). 
Three  ICRF  clones  (49 A9, 35D8, 132C6)  and  5  CEPH  clones  (765D1,  782E2,  793F2, 
923F8  and  704F1)  were  showed  to  carry  the  entire  coding  region  of  the  SLC6A4  gene 
(Tablell). 

YAC/PAC  clones  were  analysed  for  polymorphisms  in  the  promoter  (Heils  et  al., 
1996)  and  in  intron  2  (Ogilvie  et  al,  1996).  The  10  repeat  form  of  the  VNTR  in  intron  2 
was  present  in  all  clones  tested.  Interestingly,  the  ICRF  clones  carried  the  short  form 
and  the  CEPH  clones  the  long  form  of  the  polymorphism  in  the  promoter  region 
(Table  II). 
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Close  linkage  of  the  SLC6A4  gene  to  D17S1294  marker 

Seventeen  STS  markers  from  the  region  17cen  -  17qll.2  were  used  to  analyse  the 
SLC6A4-containing  YAC/PAC  clones.  No  clones  analysed  carried  the  markers 
D17S1543,  TIGR-A004R11,  TIGR-A007E42,  D17S1317,  D17S1873,  SHGC37126, 
SHGC36334,  D17S1824,  or  D17S1837.  One  or  more  clones  were  foimd  to  harbour  the 
following  markers  WI-9201,  D17S975,  D17S1549,  D17S1294,  D17S2009,  D17S2004, 
D17S1863  and  D17S2120  (Table  II).  On  the  basis  of  Southern  blotting  of  the  YAC  and 
PAG  clones  (Fig.  1),  together  with  data  on  the  presence  or  absence  of  STS  markers, 
we  were  able  to  construct  a  1  Mb  contig  encompassing  the  SLC6A4  gene  (Fig.  2). 

This  analysis  also  enabled  us  to  determine  the  orientation  of  the  SLC6A4  gene.  Clone 
704F1  lacked  the  first  exon  of  the  gene  but  was  positive  for  exons  lb  - 14  of  the  gene 
and  the  more  centromeric  markers  (D17S1294  and  D17S1549)  whilst  clone  947G11, 
which  contained  only  the  promoter  region  and  first  exon  of  the  gene,  was  positive 
for  more  telomeric  markers  (D17S2009,  D17S2004,  D17S1863  and  D17S2120:  Collins 
et  al.,  1996a).  These  data  indicated  that  the  3'  end  of  the  SLC6A4  gene  is  oriented 
towards  the  centromere. 

D17S1294  was  foimd  to  be  present  in  the  majority  (6/11)  of  the  YAC  clones 
containing  the  SLC6A4  gene  and  in  the  95  kb  PAC  clone  50G6  (Table  H),  suggesting 
that  D17S1294  lies  close  to,  or  within  the  SLC6A4  gene.  We  ruled  out  the  possibility 
that  D17S1294  might  be  located  5'  of  the  SLC6A4  gene  since  clone  704F1,  which  was 
negative  for  the  5'  flanking  region  and  first  exon  of  the  gene  (28L  and  lAP,  Table  II), 
was  positive  for  the  marker.  D17S1294  was  not  located  within  the  SLC6A4  gene  since 
clones  793F2  and  49A9,  spanning  the  entire  SLC6A4  gene,  did  not  contain  the 
marker.  These  results  indicated  that  D17S1294  is  located  within  a  <15  kb  fragment 
centromeric  to  the  3'  end  of  the  SLC6A4  gene.  In  agreement  with  this  assignment, 
those  YAC  clones  (765D1, 782E2, 923F8  and  35D8, 132C6, 793F2, 704F1),  which  were 
positive  for  both  exon  14  and  for  the  probe  24R  (which  lies  <15kb  downstream  of 
exon  14)^  were  also  positive  for  D17S1294,  and  clones  (793F2  and  641D5)  negative  for 
the  24R  probe  were  also  negative  for  D17S1294. 

Mapping  of  the  CPD  gene  within  the  SLC6A4  YAC  contig 

In  the  process  of  constructing  the  SLC6A4-containing  YAC  contig,  we  found  that  a 
number  of  YAC  clones  (35D8, 765D1, 49 A9  and  947G11)  were  positive  for  the  STS 
markers  D17S2009  and  D17S2004  (Table  II).  D17S2004  corresponds  to  bp  1283  - 1564 
of  an  expressed  sequence  tag  (GenBank  accession  no.  U90914)  isolated  from  infant 
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brain  (Andersson  et  al,  1996).  Nucleotides  1-651  of  the  U90914  were  identical  to 
nucleotides  5125-5775  of  the  published  cDNA  sequence  of  human  carboxypeptidase 
D  (GenBank  accession  no.  U65090:  Tan  et  ah,  1997),  which  lie  in  the  3'-UTR  of  the 
cDNA  immediately  adjacent  to  the  polyadenylation  signal.  U90914  appeared  to  be 
an  alternatively  polyadenylated  form  of  human  carboxypeptidase  D  mRNA 
containing  an  additional  1300  bp  of  3'  sequence.  Subsequently,  we  found  that  the 
sequences  of  D17S2004  and  D17S2009  were  present  in  a  96  kb  genomic  sequence 
which  contains  8  un-ordered  pieces  of  genomic  sequence  from  human  chromosome 
17  (GenBank  accession  no.  AC002317:  sequence  of  human  BAG  clone  HCIT7H10, 
Whitehead  Institute /MIT  Center  for  Genome  Research,  Human  Genome  Sequencing 
Project).  By  sequence  alignment  with  human  CPD  cDNA,  we  were  able  to  order  and 
orient  three  large  fragments  from  AC002317  (approx.  60  kb)  to  predict  the  exon 
structure  of  the  last  20  exons  of  the  human  CPD  gene. 

Based  on  the  re-ordered  60  kb  genomic  sequence  from  AC002317,  we  predicted  that 
the  distance  between  D17S2009  and  D17S2004  would  be  approximately  2  kb.  By 
using  both  forward  primers  of  D17S2009  and  D17S2004,  a  2.1  kb  PCR  product  was 
obtained  by  using  either  human  genomic  or  YAC  (35D8, 765D1, 49 A9  and  947G11) 
DNA.  Direct  sequencing  of  the  2.1  kb  PCR  product  confirmed  its  identity  to  the 
corresponding  sequence  ia  AC002317.  To  confirm  the  presence  of  the  CPD  gene  m 
our  YAC/PAC  contig,  two  pairs  of  primers  (cpd6740F/cpd6858R,  and 
cpdl065F/cpdl768R)  were  designed  from  the  cDNA  sequence  of  CPD,  Primers 
cpd6740F  and  cpd6858R  are  1  kb  downstream  of  D17S2004  within  the  3'-UTR  of  the 
CPD  gene  and  amplified  the  expected  118  bp  product  from  YAC  clones  35D8, 765D1, 
49 A9, 947G11  and  from  human  genomic  DNA.  Primers  cpdl065F  and  cpdl768R 
were  approximately  44  kb  upstream  (5')  of  D17S2009  based  on  the  re-ordered 
genomic  sequence  of  AC002317.  The  predicted  2.7  kb  PCR  product  was  also  detected 
from  YAC  clones  35D8, 765D1, 49 A9  and  947G11  and  from  human  genomic  DNA. 

All  YAC  clones  positive  for  D17S2009  and  D17S2004  were  also  positive  for  markers 
D17S1963  and  D17S2120,  which  are  telomeric  to  the  SLC6A4  gene.  However,  not  all 
of  these  clones  contained  the  entire  SLC6A4  gene  (Table  H).  We  concluded  that  the 
CPD  gene  lies  further  from  the  centromere  than  the  SLC6A4  gene. 

Hemizygotic  deletion  of  the  SLC6A4  and  CPD  genes  in  a  NFl  patient 

The  STS  marker  WI-9201  derived  from  exon  10  of  the  NFl  gene  appeared  in  132C6 
but  not  in  the  other  YAC  clones.  To  examine  the  possibility  that  the  NFl  gene  might 
lie  within  our  YAC  contig,  three  pairs  of  PCR  primers,  from  exons  1, 27  and  49  of  the 
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NFl  gene  (Li  et  ah,  1995),  were  designed  (Table  I).  Surprisingly,  none  of  the 
YAC/PAC  clones  was  positive  for  these  primer  pairs,  indicating  that  the  contig  does 
not  contain  the  NFl  gene.  The  presence  of  the  WI-9201  marker  in  clone  132C6 
suggests  that  this  YAC  is  chimeric.  Although  FISH  analysis  did  not  provide  evidence 
for  chimerism  (data  not  shown),  the  NFl  and  SLC6A4  genes  may  be  so  close  that 
FISH  analysis  may  not  be  adequate  to  reveal  the  chimerism. 

Kayes  et  ah  (1992, 1994)  have  described  a  NFl  patient  (NF106-3)  with  a  large  deletion 
in  17qll.2  which  encompasses  markers  that  have  been  mapped  closer  to  the 
centromere  than  the  SLC6A4  gene  (Collins  et  ah,  1996a).  To  test  the  possibility  that 
the  SLC6  A4  gene  might  be  deleted  in  this  patient,  we  examined  metaphase 
chromosomes  prepared  from  the  patient  by  FISH  using  the  SLC6A4-containing  PAC 
50G6  as  probe.  Only  a  single  copy  of  the  SLC6A4  gene  was  detected  in  this  patient 
(Fig.  3). 

DNA  samples  from  hybrid  cell  lines  carrying  the  deleted  (NF106-3-#36)  and  non- 
deleted  (NF106-3-#41)  chromosome  17  of  the  patient  were  analysed  by  PCR  to 
determine  the  extent  of  the  deletion.  As  shown  in  Fig.  4,  the  CPD  gene  was 
hemizygotically  deleted  in  the  patient,  along  with  D17S1863  and  D17S2120  (Fig.  4), 
The  entire  SLC6A4  gene,  from  the  promoter  region  to  exon  14  was  deleted  in  cell  line 
NF106-3-#36.  However,  the  centromeric  markers  D17S1294  and  D17S1549  were 
detected  in  both  cell  lines  NF106-3-#36  and  NF106-3-#41 .  We  conclude  that  the 
centromeric  breakpoint  of  the  deletion  in  the  patient  lies  in  a  <15kb  region  between 
exon  14  of  the  SLC6A4  gene  and  D17S1294. 

DISCUSSION 

We  report  here  the  contruction  of  a  1  Mb  YAC/PAC  contig  encompassing  the 
SLC6A4  and  CPD  genes  which  are  flanked  by  seven  STS  markers.  We  determined 
that  SLC6A4  is  <15  kb  telomeric  to  D17S1294  and  the  3'  end  of  the  gene  is  oriented 
towards  tf\e  centromere.  The  order  of  STS  markers  (cen-D17S975-D17S1549- 
D17S1294-SLC6A4-CPD-D17S2004/D17S2009-D17S1863-D17S2120-ter.)  is  in  general 
agreement  with  the  data  in  the  Genetic  Location  Database  (Collins  et  ah,  1996b),  the 
Genethon  human  linkage  map  (Dib  et  ah,  1996),  the  GDB  Human  Genome  Database 
(Fasman  et  ah,  1997)  and  in  the  database  published  by  the  Center  for  Medical 
Genetics,  Marshfield,  WI  (Broman  et  ah,  1998). 

In  previous  studies  the  SLC6A4  gene  has  been  mapped  by  Ramamoorthy  ct  ah  (1993) 
to  chromosome  17qll.2  -  17ql2  using  FISH  and 
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somatic  cell  hybrids,  and  by  Gelemter  et  al.  (1995)  to  17ql2  (flanked  by  D17S58  and 
D17S73)  using  a  RFLP  in  the  3'-UTR  (for  which  'SLC6A4'  and  'HTT'  are  synonyms  in 
the  Genome  Database) .  Our  results  are  consistent  with  those  of  Esterling  et  al. 

(1998),  who  found  close  linkage  of  HTT  to  D17S1294,  but  differ  in  the  order  of 
D17S1294  and  D17S2120.  Surprisingly,  these  authors  assigned  different  map 
positions  to  two  markers  (HTT  and  SGHC-11022)  which  should  be  coincident:  the 
sequence  of  SGHC-11022  is  nested  within  that  of  HTT. 

The  appearance  of  the  markers  D17S2009  and  D17S2004  markers  in  our  YAC  contig 
suggested  that  the  CPD  gene  might  be  present  in  this  region.  This  was  confirmed  by 
PCR  with  primers  from  other  regions  of  the  CPD  gene.  Our  results  are  in  agreement 
with  those  of  Riley  et  al.  (1998),  who  recently  localised  the  gene  to  17pll.l- 
qll.1/11.2  by  use  of  a  regional  mapping  panel  derived  from  somatic  cell  hybrids 
containing  different  portions  of  chromosome  17.  Although  no  disorder  has  directly 
been  linked  with  the  CPD  gene,  it  is  possible  that  deficiency  in  this  gene  might  affect 
the  processing  of  secreted  proteins.  A  mutation  in  the  closely  related 
carboxypeptidase  E  (CPE)  gene  has  been  reported  to  result  in  defective  proinsulin 
processing  leading  to  obesity  and  hyperglycaemia  in  fat/fat  mice  (Naggert  et  al, 

1995). 

The  NFl  gene  is  located  on  chromosome  17qll.2,  close  to  the  SLC6A4  gene.  In  a 
patient  with  nemofibromatosis  type  1  resulting  from  a  large  deletion  on  17qll.2 
flanking  the  NFl  gene  (Kayes  et  al,  1992, 1994),  the  deletion  included  D17S120  and 
D17S117,  which  map  closer  to  the  centromere  than  SLC6A4  in  the  genome  databases. 
In  four  other  patients  described  by  Kayes  et  al.  (1994)  and  in  the  five  cases  reported 
by  Cnossen  et  al.  (1997),  D17S117  defined  the  centromeric  boimdary  of  the  possible 
extent  of  the  deletions.  This  led  us  to  predict  and  subsequently  confirm  that  the 
SLC6A4  and  CPD  genes  were  hemizygotically  deleted  together  with  the  NFl  gene  in 
the  patient  NF106-3. 

Neurofibromatosis  type  1  is  characterized  by  remarkable  variation  in  the  nature  and 
severity  of  symptoms  dependent  on  the  mutations  present.  Hemizygosity  of  the 
SLC6A4  and/or  CPD  genes  might  accoimt  for  some  of  the  additional  symptoms  seen 
in  NFl  patients  with  large  chromosomal  deletions,  e.g.  facial  dysmorphology, 
mental  retardation,  and/ or  learning  disabilities  (Cnossen  et  al,  1997;  Kayes  et  al, 
1994;  Leppig  et  al,  1996, 1997;  Riva  et  al,  1996;  Wu  et  al,  1995, 1997).  The  SLC6A4 
gene  is  transiently  expressed  in  craniofacial  epithelial  structures  during 
development,  suggestive  of  a  role  for  serotonin  in  craniofacial  morphogenesis 
\l^(Lauder  et  al,  1988;  Lauder  and  Ziiiunerman,  1988;  Shuey  et  al,  1993).  Exposure  of 


I 


-  Shen  et  al..  Page  11  - 


mouse  embryos  in  culture  to  inhibitors  of  the  serotonin  transporter  caused 
craniofacial  malformations  consistent  with  a  direct  action  at  serotonin  uptake  sites 
(Shuey  et  al,  1992).  Polymorphic  variation  in  the  SLC6A4  gene  has  been  reported  to 
be  associated  with  susceptibility  to  affective  disorder  (Battersby  et  al,  1996;  Collier  et 
al,  1996a,b;  Harmar  et  al,  1996;  Kunugi  et  al,  1997;  Ogilvie  et  al,  1996;  Rees  et  al, 
1997)  and  to  be  a  risk  factor  for  late  onset  Alzheimer's  disease  (Li  et  al,  1997)  and 
autistic  disorder  (Cook  et  al,  1997;  Klauck  et  al,  1997).  It  is  possible  that  both  the 
craniofacial  malformations  and  the  psychiatric  disabilities  exhibited  by  patients  with 
large  NFl  deletions  may  be  due  in  part  to  hemizygosity  of  the  SLC6A4  gene. 

The  identification  of  seven  polymorphic  STS  markers  flanking  the  SLC6A4  gene  in 
our  YAC  contig  will  facilitate  future  studies  of  the  role  of  the  gene  in  susceptibility  to 
developmental  and  psychiatric  disorders.  This  contig  will  also  provide  centromeric 
anchor  for  chromosomal  walking  towards  the  NFl  gene  which  may  lead  to  the 
discovery  of  other  genes  contiguous  to  NFl.  Fimctional  analysis  of  these  genes 
should  play  an  role  in  imderstanding  of  neurofibromatosis  as  well  as  other 
developmental /psychiatric  disorders. 
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FIGURE  LEGENDS 


Figure  1:  Analysis  of  YAC  clones  by  pulsed-field  gel  electrophoresis  and  Southern 
blotting,  (a)  Resolution  of  YAC  DNA  by  ethidium  bromide  staining.  The  sizes  of 
yeast  chromosomes  from  S.  cerevisiae  are  shown  in  kb  at  the  left.  Lanes  1  to  8  are 
DNA  from  793F2, 765D1, 923F8, 704F1, 782E2, 641D5, 35D8  and  132C6  respectively; 
The  blot  was  sequentially  hybridized  with  (b)  a  854  bp  Pst  I  fragment  of  SLC6A4 
cDNA;  (c)  a  2.3  kb  Eco  RI  -  Pvu  11  fragment  of  pBR322  DNA;  (d)  the  subclone  28L 
and  (e)  the  subclone  24R. 

Figure  2:  Mapping  of  the  SLC6A4  and  CPD  genes  to  17qll.l  in  a  YAC/PAC  contig. 
(a)  Physical  map  (not  to  scale)  of  the  region  of  chromosome  17  between  the 
centromere  and  D17S54  (b)  diagram  illustrating  the  extent  of  the  deletion  ( — )  in  the 
patient  NF106-3.  The  centromeric  breakpoint  (arrow  head)  of  the  deletion  lies 
between  D17S1294  and  the  last  exon  of  the  SLC6A4  gene,  (c)  the  positions  of  the 
SLC6A4  (1)  and  CPD  (S)  genes,  STS  markers  and  other  probes  in  the  eight  YAC 
clones  and  one  PAC  clone  (50G6)  used  in  construction  of  the  contig.  Sizes  of  the 
clones  are  indicated  in  brackets.  The  orientations  of  the  YAC  vector  arms  for  clones 
35D8  and  132C6  are  indicated  with  L  (for  long  arm)  and  S  (for  short  arm). 

Orientation  of  the  genomic  insert  in  the  PAC  clone  50G6  is  shown  relative  to  the  SP6 
and  T7  promoters  of  the  PAC  vector.  The  3'  end  of  the  SLC6A4  gene  is  oriented 
towards  the  centromere.  Circles  represent  the  presence  of  STS  markers,  detected  by 
PCR  and  probes  28L  and  24R,  detected  by  Southern  hybridization,  in  the  patient 
NF106-3  and  in  YAC/PAC  clones. 

Figure  3:  Detection  by  FISH  of  hemizygotic  deletion  of  the  SLC6A4  gene  in  the 
patient  NF106-3.  Metaphase  chromosomes  were  prepared  from  the  NF106-3  cell  line 
and  hybridized  with  50G6  PAC  DNA.  The  two  chromosomes  17  are  arrowed: 
SLC6A4  is  present  in  only  one  of  them. 

Figure  4:  Localization  by  PCR  of  the  centromeric  breakpoint  of  the  deletion  in 
patient  NF106-3.  DNA  templates  were  as  follows:  (lane  1)  YAC  765D1;  (lane  2) 
genomic  DNA  from  patient  NF106-3;  (lane  3)  cell  line  NF106-3-#36  carrying  the 
deleted  chromosome  17;  (lane  4)  cell  line  NF106-3-#41  carrying  the  non-deleted 
chromosome  17;  (line  5)  the  control  RJK  cell  line.  The  primers  pairs  used  (Table  1) 
and  the  size  of  the  PCR  product  in  bp  are  indicated  at  the  right.  The  specific  PCR 
product  of  the  E2F  and  2B  primer  pair  is  arrowed.  Note  that  the  centromeric 
breakpoint  of  the  deletion  lies  between  D17S1294  and  exon  14  (defined  by  primer  P3) 
of  the  SLC6A4  gene. 
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Forward  Primers  (S'  -  3') _  Reverse  Primers  (5'  -  3')  I  Product  I  Size 

31013  CACCTAACCCCTAATGTCCCTACT  31014  GGACTGAGCTGGACAACCAC _ SLC6A4  5-HTTLPR _ 458/502 

lAP  (F )  GCGTCTAGGTGGCACCAGAATC _ lAP  ( R )  TCGCGCTTGTGTTCCCAGCTAC  SLC 6A4  Exon  la  545  bp 


Table  II  Analyses  of  YAC/PAC  clones  containing  the  SLC6A4  and  CPD  genes 

704F1  50G6  782E2  132C6  923F8  35D8  765D1  49A9  793F2  641 D5  16FC9  |  947G11 

_ 640  kb  95  kb  600  kb  630  k  160  kb  500  kb  1000  kb  230  kb  1600  kb  140  kb  820  kb  600  kb 


demonstrated  by  FISH;  CF:  chimeric  revealed  by  FISH;  CS:  Chimeric  determined  by  Southern  hybridization  and  STS  analyses;  NE: 
not  examined.  (+):  postive  by  PCR  or  hybridization,  (-):  negative  by  PCR  or  hybridization.  Alleles  of  the  polymorphism  in  the 
promoter  region  (5'HTTLPR)  are  indicated  by  L  (long  form)  and  S  (short  form),  and  the  VNTR  in  intion  2  was  the  10  repeat  allele 
(10)  for  all  YACs  tested.  Column  28L  and  24R  are  from  hybridisation  data.  YAC  sizes  were  detemined  by  hybridisation  with  pBR322 
plasmid  DNA.  Column  GLD  shows  the  distances  (in  Mb)  of  markers  to  17pter  in  the  Genetic  Location  Database  (Collins  et  a/.,  1996b). 
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Primers 

Sizes 

CRYB1 

424  bp 

D17S975 

259  bp 

D17S1549 

149  bp 

D17S1294 

227  bp 

6A+  P3 

>12  kb 

5A+5B 

3.8  kb 

E2F  +  2B 

5  kb 

1AP 

545  bp 

017S2009 

130  bp 

D17S2004 

107  bp 

D17S1863 

249  bp 

D17S2120 

209  bp 

REPLY  TO 
ATTENTION  OF: 


DEPARTMENT  OF  THE  ARMY 

us  ARMY  MEDICAL  RESEARCH  AND  MATERIEL  COMMAND 
504  SCOTT  STREET 
FORT  DETRICK,  MARYLAND  21702-5012 


MCMR-RMI-S  (70-1y) 


2  3  Aug  0 1 


MEMORANDUM  FOR  Administrator,  Defense  Technical  Information 
Center  (DTIC-OCA) ,  8725  John  J.  Kingman  Road,  Fort  Belvoir, 
VA  22060-6218 

SUBJECT:  Request  Change  in  Distribution  Statement 


1.  The  U.S.  Army  Medical  Research  and  Materiel  Command  has 
reexamined  the  need  for  the  limitation  assigned  to  the  technical 
reports  listed  at  enclosure.  Request  the  limited  distribution 
statement  for  these  reports  be  changed  to  "Approved  for  public 
release;  distribution  unlimited."  These  reports  should  be 
released  to  the  National  Technical  Information  Service. 

2 .  Point  of  contact  for  this  request  is  Ms .  Judy  Pawlus  at 
DSN  343-7322  or  by  e-mail  at  judy.pawlus@det.amedd.army.mil. 

FOR  THE  COMMANDER: 


Deputy  Chief  of  Staff  for 
Information  Management 


Enel 


Reports  to  be  Downgraded  to  Unlimited  Distribution 


ADB241560 

ADB251657 

ADB263525 

ADB222448 

ADB234468 

ADB249596 

ADB263270 

ADB231841 

ADB239007 

ADB263737 

ADB239263 

ADB251995 

ADB233106 

ADB262619 

ADB233111 

ADB240497 

ADB257618 

ADB240496 

ADB233747 

ADB240160 

ADB258646 


ADB253628 

ADB257757 

ADB264736 

ADB255427 

ADB264757 

ADB232924 

ADB232927 

ADB245382 

ADB258158 

ADB264506 

ADB243027 

ADB233334 

ADB242926 

ADB262637 

ADB251649 

ADB264549 

ADB248354 

ADB258768 

ADB247842 

ADB264611 

ADB244931 


ADB249654 
ADB264967 
ADB247697 
ADB263453 
ADB243646 
ADB263428 
ADB240500 
ADB253090 
ADB265236 
ADB264610 
ADB2 51613 
ADB237451 
ADB249671 
ADB262475 
ADB264579 
ADB244768 
ADB258553 
ADB244278 
ADB257305 
ADB245442 
ADB256780 


ADB263448 

ADB245021 

ADB264544 

ADB254454 


ADB264626 


ADB263444 


ADB264797 


